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I. Brief Summary of Major Research Accomplishments 

 
Our research under support of this DOE grant is focused on applied and fundamental aspects of model 
organic photovoltaic (OPV) systems. Major accomplishments are briefly summarized below:   
 
First, we improved spectroelectorchemistry of single molecule single nanoparticle method to study charge 
transfer between conjugated polymers and TiO2 at the single molecule level. The fluorescence of 
individual molecules of the conjugated polymers such as poly[2-methoxy-5-(2-ethylhexyloxy)- 1,4- 
phenylenevinylene] (MEH-PPV) at TiO2 surfaces was shown to exhibit increased intermittent (on/off 
“blinking”) behavior compared to molecules on glass substrates. Single molecule fluorescence excitation 
anisotropy measurements showed the conformation of the polymer molecules did not differ appreciably 
between glass and TiO2 substrates. The similarities in molecular conformation suggest that the observed 
differences in blinking activity are due to charge transfer between MEH-PPV and TiO2, which provides 
additional pathways between states of high and low fluorescence quantum efficiency. Similar 
spectroelectrochemistry work has been done for small organic dyes such as BODIPY dye for understand 
their charge transfer dynamics on various substrates and electrochemical environments.  
 
Secondly, we developed a method of transferring TiO2 nanoparticles (NPs) and graphene oxide (GO) 
nanosheets into organic solvent for a potential electron acceptor in bulk heterojunction organic solar cells 
which employed poly[3- hexylthiophene] (P3HT) as the electron donor. Electron transfer from P3HT to 
GO and TiO2 in solutions and thin films was established through fluorescence spectroscopy and 
electrogenerated chemilumescence (ECL) measurements. Bulk heterojunction solar cells containing 
P3HT, P3HT:GO, P3HT:TiO2, and P3HT:phenyl-C61- butyric acid methyl ester (PCBM, a prototypical 
elector acceptor employed in polymer solar cells) were constructed and evaluated using transient 
absorption spectroscopy and dynamic fluorescence techniques to understand the charge carrier generation 
and recombination events.  
 
Lastly, we invented a spectroelectorchemistry technique using dark field scattering (DFS) and ECL for 
rapid size determination and reconstruction of cyclic voltammetry for single NPs in an electrochemical 
cell. For example, we are able to use this technique to track ECL of single Au NPs, and the 
electrodeposition of individual Ag nanoparticles (NPs) in-situ. These metallic NPs are useful to enhance 
light harvesting in organic photovoltaic systems. The scattering at the surface of an indium tin oxide (ITO) 
working electrode was measured during a potential sweep. Utilizing Mie scattering theory and high 
resolution scanning electron microscopy (SEM), the scattering data were used to calculate current-
potential curves depicting the electrodeposition of individual Ag NPs. The oxidation of individual 
presynthesized and electrodeposited Ag NPs was also investigated using fluorescence and DFS 
microscopies.  
 

Our work has produced 1 US provisional patent, 15 published manuscripts, 1 submitted article and two 
additional in-writing manuscripts. 5 graduate students, 1 postdoctoral student, 1 visiting professor, and 
two undergraduate students have received research training under support of this award.   
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II. List of Accepted and Submitted Publications 

A. Patent with this DOE-EPSCoR award acknowledged 

Caleb Hill, Shanlin Pan, A New Optical Method for Tracking the Electordeposition of Metallic 
nanaoparticles and Catalytic Redox Reactions at Single Nobel Nanoparticle electrodes via Dark Field 
Scattering and Electrogenerated Chemiluminescence, Disclosure filed in 2013, provisional filed in 
February 2014.  

B. Published articles as of 11/15/2014 with this DOE-EPSCoR award acknowledged 

(* correspondence author) 
1. J. Liu, C. M. Hill, H.Y. Liu, S.L. Pan*, “Interfacial charge transfer events of BODIPY molecules: 

single molecule spectroelectrochemistry and substrate effects”, Phys. Chem. Chem. Phys., 2014, DOI: 
10.1039/c4cp02950j.  

2. C. M. Hill, S.L. Pan*, A Dark Field Scattering Spectroelectrochemistry Technique for Tracking the 
Electrodeposition of Single Ag Nanoparticles, J. Am. Chem. Soc. 2013, 135(46),17250-17253.  

3. C. M. Hill, D. Clayton, S.L. Pan*, Understanding Spatial and Temporal Heterogeneities Of 
Electrochemical Events Using Combined Optical And Electrochemical Methods: Recent Progress and 
Perspectives, Phys. Chem. Chem. Phys. DOI:10.1039/C3CP52756E, 2013.  

4. Z.C. Shan, S.L. Pan*, A. Gupta*, “Visible Light Driven Photoelectrochemical Properties of Ti 
Nanowire Electrodes Sensitized with CoreShell Ag2S Nanoparticles”, J. Phys. Chem. B, 2014, July, 
DOI: 10.1021/jp504346k.  

5. H.W. Geng, C. Hill, S.L. Pan*, H.Y., L.B. Huang, Photoelectrochemical Properties and Interfacial 
Charge Transfer Kinetics of BODIPY-Sensitized TiO2 electrodes, RSC Advances, 2013, 3, 2306-2312. 
DOI: 10.1039/C2RA21656F  

6. H.W. Geng, C. Hill, S.L. Pan,* Libai Huang, Electrogenerated Chemiluminescence and Interfacial 
Charge Transfer Dynamics of Poly (3-hexylthiophene-2, 5-diyl) (P3HT)-TiO2 Nanoparticle Thin Film, 
Phys. Chem. Chem. Phys., 2013, 15, 3504-3509. DOI: 10.1039/C2CP43680A  

7. Xu, C.L., Geng, H.W., Clayton, D.A., Bennett, R. Pan, S.L.* “Ti@TiO2 NW electrode with 
polydisperse gold nanoparticles for electrogenerated chemiluminescence and surface enhanced 
Raman spectroelectrochemistry”, J. Phys. Chem. C, 2013, 117, 1849-1856. 

8. Hill, C. M.; Pan, S.L. * “Efficient analysis of single molecule spectroscopic data via MATLAB”. 
MRS Proc. 2013, 1493, DOI: http://dx.doi.org/10.1557/opl.2012.1676.  

9. Geng, H.W.; Pan, S.L.*; Hu, D.H. “Electrogenerated chemiluminescence and fluorescence lifetime 
spatial heterogeneity of poly (2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene) in presence of 
[6,6]-phenyl-C61-butyric Acid Methyl Ester”, MRS Proc. 2013, 1493, DOI: 
http://dx.doi.org/10.1557/opl.2013.19.  

10. Clayton, D. A., McPherson, T.E., Pan, S.L. * Chen, M.Y., Dixon, D.A., Hu, D.H. “Spatial and 
temporal variation of surface-enhanced Raman scattering at Ag nanowires in aqueous solution”, Phys. 
Chem. Chem. Phys., 2013, 15, 850-859.  

11. Fraser Mole, Jue Wang and Shanlin Pan, * New double heterojunction nanostructured electrode for 
electrochemical charge storage, Langmuir, 2012, 28(28), 10610-10619. 

12. C. M. Hill, Y. Zhu, S. L. Pan, * “Fluorescence and Electroluminescence Quenching Evidences of 
Interfacial Charge Transfer in Poly (3-hexylthiopene): Graphene oxide Bulk Heterojunction Organic 
Photovoltaic Device”, ACS Nano 2011, 5(2), 942-951.  

13. Y. Zhu; C. M. Hill; S.L. Pan, * “Reductive-oxidation Electrogenerated Chemiluminescence (ECL) 
Generation at Ag Nanowire Electrode”, Langmuir, 2011, 27(6), 3121-3127. 

14. Caleb M. Hill, Shanlin Pan, * Single Molecule/Nanoparticle Spectroelectrochemistry for 
Understanding Interfacial Charge Transfer Dynamics and Renewable Energy Conversion at 
Namometer Scale, Prepr. Pap.-Am. Chem. Soc., Div. Energy Fuels 2012, 57 (2), 387-388. 
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15. Daniel A. Clayton, Shanlin Pan, * Surface-enhanced Raman Scattering at Photoreduced Silver 
Nanoparticles at Single Crystal TiO2 Particles for Studying Their Interfacial Charge Transfer 
Activities and Renewable Energy Conversion, Prepr. Pap.-Am. Chem. Soc., Div. Energy Fuels 2012, 
57 (2), 200-201. 

C. Submitted articles as of 11/15/2014 

16. Caleb M. Hill, Robert Bennett,Chen Zhou,Shane Street, Jie Zheng, and Shanlin Pan*, Single Ag NP 
Spectroelectrochemistry via Dark Field Scattering and Fluorescence Microscopies, Small, submitted 
as of 10/29/2014 

D. Manuscripts in preparation 
17. Daniel A Clayton, Caleb M. Hill, and Shanlin Pan. Interfacial charge transfer heterogeneities at single 

crystal TiO2 surfaces.  
18. Jia Liu, Caleb M Hill, and Shanlin Pan. Electrogenerated chemiluminescence (ECL) at single au 

nanoparticles.  
E. Doctoral Dissertations 
1. Fundamental and applied studies of organic photovoltaic systems, Caleb M. Hill, a dissertation 

submitted in partial fulfillment of the requirements for the degree of Doctor of Philosophy in the 
Department of Chemistry in the graduate school of The University of Alabama, 2014.  

2. Nanostructured silver for applications in surface enhanced raman spectroscopy and 
photoelectrochemical reactions, Daniel A. Clayton, a dissertation submitted in partial fulfillment of 
the requirements for the degree of Doctor of Philosophy in the Department of Chemistry in the 
graduate school of The University of Alabama, 2014. 

III.Students and Postdoc Support and Their Progresses 

Name Title, Percentage of support, Project and progress 

Caleb M. Hill 08/16/2011-08/15/2014: Caleb received 60% support from this DOE program. Mr. 
Hill has been extremely productive by successfully demonstrated detection of 
single fluorescent silver nanoparticles and conjugate polymers using combined 
electrochemical and spectroscopic tools. In collaboration with Notra Dame 
radiation national lab, Caleb studied transient absorption spectroscopy and 
dynamics fluorescence spectroscopy of conjugate polymers in the presence of 
single crystal TiO2, TiO2 nanoparticles and the BODiPY dye conjugated with TiO2.  
These studies are compared with his single molecule studies for interesting 
interfacial charge transfer dynamics in an organic hybrid solar cell. Mr. Hill has 
been supported by 2012 Dissertation Graduate Council Fellowship and 2014 
Alabama EPSCoR Graduate Research Scholar Fellowship. He was selected as one 
of our GAANN Fellows in 2011 because of his outstanding academic performance 
and research productivity. Caleb has published nine research papers and holds one 
patent under support of this DOE program. Mr. Hill was recently selected to work 
with one of the world’s famous electrochemists Professor Allen J. Bard (UT-
Austin).  

Daniel A. 
Clayton 

08/16/2011-08/15/2014: Mr. Clayton received 60% support from this DOE 
program. Mr. Clayton has been working on single molecule since the start of this 
project. He has demonstrated the complex dynamics photophysical processes of 
single molecule conjugate polymer on nanotextured silver and their spectral 
dependence on solvents. More recently, Daniel started looking at 
photoelectrochemical reaction at the nanometer scale using single crystal TiO2 
surface and surface enhanced Raman imaging technique. Daniel received two 
travel funds from the graduate school and the EPSCoR program, respectively, to 
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present his single molecule work at two separate ACS meetings. His research is 
well aligned with our proposed goals to develop a single polymer molecule raman 
setup, to vary surface chemistry techniques optimize the surface enhancement 
effects and demonstrate single polymer Raman used in organic photovoltaic cells 
to gain a fundamental understanding of their electronic properties. Mr. Clayton 
published seven papers under support of this program. Currently he holds a 
teaching position as a visiting assistant professor in Minot State University.  

HongWei 
Geng 

08/16/2011-3/15/2013: Dr. Geng received 100% support from this program during 
his stay at UA. Dr. Geng has been extremely productive during this support period. 
Dr. Geng has used single molecule spectroscopy, electrochemistry tools and 
transient spectroscopy to reveal the complex charge separation and photophysical 
processes in an organic hybrid solar cell.  He has published fours papers in the area 
of hybrid organic solar cells and systems including conjugate polymer and TiO2 
nanostructure. In order to help fulfill the group’s research goals in the area of 
single molecule spectroelectrochemistry, the postdoc Dr. Geng visited the Pacific 
Northwest National Laboratory (PNNL) for conductive AFM measurements on 
hybrid thin film of organic solar cell and lifetime imaging research for conjugate 
polymers. Currently Dr. Geng is working with Seventstar’s R&D department for 
developing efficient InGaSe2 solar cells.  

Jia Liu  08/15/2011-11/15/2014: Mr. Liu received 50% support in this period from the DOE
grant. His major contribution to this project includes 1) developing single molecule
spectroelectrochemistry method for understanding the redox potential and substrate
effects on photophysical characteristics of 4, 4′-difluoro-4-bora-3a, 4a-diaza-s-
indacene) BODIPY dye bearing two carboxylic acid groups at its 2 and 6 positions.
Mr. Jia also invented a single nanoparticle imagining method for studying single
nanoparticles using electrogenerated chemiluminescence (ECL). Mr. Liu discovered
that ECL can be enhanced gold nanoparticles (Au NPs) with diameters from 30 to
400 nm. He investigated this ECL system using single nanoparticle
spectroelectrochemistry method. Au NPs are found to be able to catalyze the
oxidation of tripropylamine (TrPA) when deposited onto TrPA-oxidation-sluggish
indium-tin-oxide (ITO) surface, enabling us to detect enhanced ECL of Ru(bpy)3

2+

at single Au NPs in aqueous solution. ECL at individual Au NPs is correlated to
their particle size for improved understanding the kinetics and heterogeneities in
particle sizes and local charge transfer events. 

Diane M. 
Benoist 

08/15/2010-10/01/2010: 100% support. Michelle’s contribution under a short 
support of this grant is on fabricating transparent conductive electrode for single 
molecule spectroelectrochemical studies. Michelle has demonstrated the formation 
of quality graphene electrode on quartz using hydrothermal reaction. This project 
has been picked up by our postdoc Dr. Geng and graduate student Mr. Jue Wang.  

Jue Wang 10/01/2010-05/15/2011: 100% support under this DOE grant during this period. 
Mr. Jue Wang is under support of a government fellowship during his summer 
time. Mr. Jue Wang’s contribution to this project so far is mainly on fabricating 
useful Plasmon antenna for single molecule Raman of conjugate polymers. Mr. Jue 
Wang used wet chemistry and seeding methods to prepare high yield gold 
nanorods. He has obtained good control over aspect ratio of gold nanorods. This 
method can be extended onto TiO2 surface for single molecule Raman study as we 
proposed in the original proposal.  Jue’s work on enhanced hematite 
photoelectronchemistry has provided solid preliminary results for another 
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successful NSF award with professor Arun Gupta (UA).        

Karson 
Brooks 

05/15/2011-08/15/2011: Summer undergraduate researcher, freshman, 100% 
support. Karson is one of the best students in our chemistry program. She has 
worked on single molecule Raman in the past two semesters. She will continue 
work on this project under support of this project for ten weeks in the coming 
summer. We have received permission from Dr. Jane Zhu for this support.  

Robert 
Matroni 

08/15/2010-05/2011: Undergraduate researcher, senior. 0% support. Mr. 
Matroni has prepared TiO2 nanotubes for our single molecule transport studies.  

Cailing Xu 08/15/2011-05/2012: 0% support under this grant. A visiting professor from 
Lanzhou University of China, has made great contribution to our research projects 
in many aspects. Dr. Xu and the postdoc Dr. Hognwei Geng have been working 
closely on a new nanostructured electrode and they demonstrated that strong 
plasmon coupling can be obtained by coating Ti@TiO2 nanowires with gold 
nanoparticles using under potential deposition technique.  

IV. Planned and Accomplished Activities (With First Granted No-cost Extension from 
08/16/2013-08/15/2014).   

Accomplished () and planned research activities are summarized in the table below. This table is 
consistent with the timeline in the original proposal in the sequence of the experiment.  
 

Planned Projects Year 1 Year 2 Year 3-4 

Ordered TiO2 substrate preparation using block polymer 
characterization  

            

Single fluorescent polymer charge transfer and dynamics at 
the surface of ordered TiO2 template. Solvent and substrate 
effects 

            

Transient spectroscopy measurement for the fluorescence 
polymer sensitized TiO2  

            

TiO2 nanotube fabrication using hydrothermal reaction, 
characterization and structure optimization for single molecule 
study, spectroelectrochemistry 

           

Single molecule interfacial charge transfer activities in single 
TiO2 nanotubes and single molecule tracking  

            

Photoreduction of silver ion on ordered TiO2 substrate for 
enhanced Raman and fluorescence of single fluorescence 
polymer (UA) 

            

Transient spectroscopy measurement for conjugate polymer 
and small molecules systems 

           

Our work has produced 1 US provisional patent, 15 published manuscripts, 1 submitted article and two 
additional in-writing articles.     

V. Current and pending 

Current 
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1. The NanoBio Science Partnership for the Alabama Black Belt Region, NSF, $ 152,125/year, Co-
PI, 08/15/2011-08/15/16. Dr. Pan has built five education modules on energy, solar and 
nanomaterials relevant to this current DOE/EPSCoR project.  

2. Surface-Enhanced Solar Energy Conversion System for Advancing Alternative Energy, $422,000, 
PI, 05/15/2012-05/14/15, NSF.  

3. Collaborative Research: Geopolymeric Nanocomposite, A Next Generation Material for 
Infrastructure Sustainability, NSF, Co-PI, 05/01/2010-4/30/13, $50,000/year.  

4. Building EPSCoR-State/DOE National Laboratory Partnerships: Single-Molecule 
Spectroelectrochemistry of Interfacial Charge Transfer Dynamics in Hybrid Organic Solar Cell, 
single PI. $ 542,115, 08/15/10 - 08/14/15.  With non-cost extension granted.  

Pending  
1. Plasmon-Engineered Photocatalytic Systems with Well-Defined Nanostructures Toward Efficient 

Solar Water Splitting, PI(Pan), CoPI (Gupta), $532,920, NSF, 06/01/2015-05/31/2018.  
2. Understanding Redox Reaction Mechanism and Dynamics at Single Nanoparticles Using ECL 

and Scanning Nanoelectrode with Improved Spatial and Spectral Resolution, NSF, $326,699.00, 
PI (Pan) 11/13/2014-10/31/2014.  

3. Single-Molecule Spectroelectrochemistry of Conjugate Polymer Chromophores in Intimate 
Contact with Semiconductor Surfaces for Improved Interfacial Charge Transfer in Organic 
Photov, DOE, PI (Pan), $568,224, 05/01/15 - 04/30/18 

Expired 
1. Research Stimulation Program of the University of Alabama, synthesis of new dyes for organic 

photovoltaics, $45,000/ year, Co-PI. One postdoctoral researcher for two years. 05/01/2011-
04/30/2013. The University of Alabama.  

2. Research Stimulation Program of the University of Alabama, Understanding the 
organic/semiconductor interface: Modeling and characterization of functionalized titanium 
dioxide, $35,000/year, Co-PI. One postdoctoral researcher for two years. 08/01/2010-07/30/2012. 
The University of Alabama.  

3. 100 hours access to AFM and microscope of EMSL of PNNL for Spectroscopic and ultrafast 
dynamics study of double heterojunction hybrid organic solar cell. 10/01/2011-9/30/2012.  

4. Research Grants Committee (RGC) of the University of Alabama, $5,000 for two years (single 
PI). Surface enhanced photoelectrochemical system for water splitting using solar energy. 
5/13/2010-5/14/2012.  

5. Travel funds for Fall 2012 American Chemical Society National Conference on Materials for 
Health & Medicine between Aug. 19 and 23 of 2012 in Philadelphia. Two research reprints have 
been submitted to the Division of Energy Fuels and accepted. $ 1,770, The DOE implementation 
award.  

6. Travel funds for 2014 Plasmonics Gordon Research Conference in Maine (July 6 and 11, 2014) 
to present plasmonic energy research presentation. $ 1,000, The DOE implementation award.  

7. Environmental Molecular Sciences Laboratory of Pacific Northwest National Lab Microscope: 
Scanning Probe - AFM Compound user proposal, Spectroscopic and ultrafast dynamics study of 
poly (3-hexylthiophene) in organic solar cell doped with graphene oxide, for 150 hours (2 weeks 
every 6 months), 09/30/2010-03/31/2011. project. This is required in order to send our graduate 
students to use PNNL’s facility.  

8. 100 hours access to AFM and microscope of EMSL of PNNL for Spectroscopic and ultrafast 
dynamics study of double heterojunction hybrid organic solar cell. 10/01/2011-9/30/2012. 

9. College Academy for Research, Scholarship and Creative Activity (CARSCA) $8,825, Co-PI, 
The Study of Enzyme Motions on a Single-Molecule Level, The University of Alabama, 
05/01/2010-04/30/2011. 
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VI. Detailed Description of Major Research Accomplishments 

1. Single-molecule spectroelectrochemistry at TiO2 electrodes with ordered nanostructures. 

We have applied single molecule fluorescence spectroscopy technique to the studies of organic-
inorganic hybrid photovoltaic systems. At the single molecule level, fluorophores can exhibit long lived 
“on” and “off” states corresponding to high and low periods of fluorescence quantum efficiency on the ms 
to s time scale (“blinking”). This can be due to several effects, such as molecular movement/rotation, 

triplet state crossover, spectrum shift, and electron transfer. This “blinking” behavior of a single organic 
molecule in contact with an inorganic acceptor material can provide insight into the charge transfer 
occurring between them without any interference from the other processes (most importantly, charge 
transfer) mentioned above. Our preliminary work in this support period was on two model systems: 
CdSe/ZnS core/shell quantum dots (QDs) and poly [2-methoxy-5-(2-ethylhexyloxy)-1,4-
phenylenevinylene] (MEH-PPV) on well-characterized  mesoporous TiO2 films.  

A typical fluorescence trajectory for a single MEH-PPV molecule on glass can be seen in Figure 1, 
along with its molecular structure. The blinking in this case is due to the reversible formation of 
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Figure 1. Single molecule MEH-PPV photoluminescence image (left), normalized fluorescence trajectory for a single MEH-
PPV molecule (middle), and “On” and “Off” state distributions for MEH-PPV molecules on glass and TiO2 substrates (Right). 
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Figure 2. Transient absorption spectra for a P3HT film on TiO2 
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polymer/O2 complexes which quench the fluorescence of the fluorophores on the polymer chain due to 
intrachain energy transfer. Kinetically, this process is similar to a quantum case, where typical 
fluorescence trajectory for a CdSe/ZnS QD on a glass substrate shows on/off states can be seen, which 

have been explained previously to be due to Auger ionization/recombination. The distribution of the 
durations of these states typically follow a power law relationship (P(t)  t-k); Shorter “On” times and 
longer “Off” times are observed for QDs on TiO2 compared to those on glass. We attribute this difference 
to the presence of electron transfer from the QDs to TiO2, which increases the rate of transfer to the non-
fluorescent “Off” state and makes charge recombination less efficient. 
2.  Photophysical, spectroelectrochemistry and photovoltaic properties of conjugate polymer/ TiO2 
nanoparticles hybrid thin film with bulk heterojunctions 

To access dynamic photophysical processes of conjugate polymer/TiO2 system at the nanometer scale, 
we have investigated the photophysical properties of previously synthesized TiO2 nanoparticles of various 
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Figure 3. Ground state bleach kinetics of P3HT with various percentage of TiO2. 

 
Figure 4. Single Schematic of spectroelectrochemistry setup (A), typical fluorescence image of single Ag nanoparticles (B), 
and fluorescence spectra of five selected silver nanoparticles (C).  
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shapes. The TiO2 nanoparticles are about 10 nm in diameter and highly mono-dispersed. The 
photophysical properties of the blends of P3HT and TiO2 nanoparticles were studied through a 
combination of steady state absorption (Figure 2a), fluorescence (Figure 2b), Raman, and transient 
absorption spectroscopies (Figure 2 c and d) and electrogenerated chemiluminescence. The photovoltaic 
properties these blends have been also characterized. 

Transient absorption spectroscopy was employed to investigate the kinetics of photoinduced 
processes occurring in the P3HT/TiO2 blends. Figure 2 c and d shows the transient absorption spectra of 

blends containing 0 and 80% TiO2. The negative peaks at 520, 557, and 609 nm are due to the ground 
state bleach of P3HT. The positive peak at 660 nm visible in the 0 ps spectra is attributed to generation of 
polaron pairs in the P3HT. The corresponding ground state bleach decay kinetics are shown in Figure 3. 
The decay was fit to a power law (-ΔA = A0t

-m) before and after a delay time of 30 ps. The prescence of 
TiO2 does not have a significant effect in the region before 30 ps, while after TiO2 causes slower decay 
rates. Qualitatively, this can be attributed to the need for photogenerated excitons to diffuse to the P3HT-
TiO2 interface, where subsequent electron injection into TiO2 prevents regeneration of the ground state of 
P3HT. These results reinforce the conclusions made from our steady-state fluorescence results. 
3. Spectroelectrochemistry of single fluorescent silver nanoparticles. 

To compare single molecule spectroscopic behavior of MEH-PPV with another model system, we 
studied the spectroelectrochemical properties of individual luminescent plasmonic silver nanoparticles 
using the combined methods of electrochemistry and single nanoparticle spectroscopy (Figure 4). The 
luminescent plasmonic silver nanoparticles were synthesized via thermal reduction of silver nitrate in a 
glycine matrix. Individual nanoparticle fluorescence intensity is measured while the substrate 
electrochemical potential is controlled to oxidize the nanoparticles. Our studies show that the silver 
nanoparticles exhibit a range of redox potentials and their statistical distribution is dependent on the 
substrate material and electrolyte used. As shown in Figure 5, the spectroelectrochemical response of 
individual nanoparticles is used to reconstruct the bulk voltammetric properties of the silver nanoparticles 
without being obscured by high background signals present in direct electrochemical measurements. The 
observed distributions were more narrow in the aqueous phase. The fluorescence of these nanoparticles 
has been used to emulate voltammetric curves of single nanoparticles without being obscured by high 
nonfaradaic background currents. Also, no spectral shifts were observed during the oxidation of these 
nanoparticles, indicating that the individual emissive sites share the same energy levels.  

4. Photophysical and electrochemical properties of BODIPY-sensitized TiO2 electrode 

Figure 5. Single Ag nanoparticle 
spectroelectrochemistry.  Single silver 
nanoparticle fluorescence trajectories 
and their dependences on substrate 
potential in acetonitrile containing 0.1 
M LiClO4 (A), statistical distribution of 
half potentials for single nanoparticles 
measured from the fluorescence 
trajectories (B), and averaged ensemble 
fluorescence trajectories in comparison 
to current dependence on substrate 
potential (C). Single nanoparticle 
fluorescence trajectories, half potential 
distribution, and averaged fluorescence 
dependence on substrate potential in 
aqueous 0.1 M NaOH are shown in 
(D), (E), and (F), respectively.      
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We also studied electrochemistry, electrogenerated chemiluminescence, photoelectrochemistry and 
transient absorption spectroscopy of two new BODIPY (4, 4′-difluoro-4-bora-3a,4a-diaza-s-indacene) dye 

derivatives as these types of dyes have gained a great deal of attention recently because of their many 
desirable properties, such as high extinction coefficients, high quantum efficiencies of fluorescence, 
relative insensitivity to environmental perturbations, and resistance to photobleaching. We explored their 
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Figure 7. Transient absorption spectra of BODIPY-1 in DMF solution (a) and on TiO2 (b) and the corresponding kinetic 
comparison (c). 

Parameter DMF TiO2 

BODIPY-1 

τ1 (ps) 35.68 6.94

τ2 (ps) 432.77 68.40

kct (A.U. s-1) 7.36E+10 

BODIPY-2 

τ1 (ps) 9.08 4.29

τ2 (ps) 255.08 78.74

kct (A.U. s-1) 9.20E+10 

Table 1. Fitting results for transient absorption decays. 
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Figure 6. (Left) Photocurrent action spectra of ITO/TiO2/BODIPY electrodes in an electrochemical cell under white light in 
0.05 M LiI and 0.05 M I2 in acetonitrile as electrolyte; and (right) short-circuit photocurrent responses of (a) 
ITO/TiO2/BODIPY-1 Cell operated in short-circuit mode. 
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possible application in sensitized organic hybrid solar cell. Figure 6 shows the selected photocurrent 
response of BODiPY dye sensitized TiO2 electrode and corresponding action spectra.  
Transient absorption spectroscopy was also to investigate the kinetics of charge transfer between the 
BODIPY dyes and TiO2. Absorption, photoluminescence, photoelectrochemical action spectra and pulsed 
photocurrent generation have been studies. Figure 7 shows the transient absorption spectra for BODIPY-1 
in DMF and on TiO2 electrode surface, respectively. The only prominent feature is due to the ground state 
bleach of the dye molecule. The decay of this peak was fit to a double exponential; the results are given in 
Table 1. Significantly shorter lifetimes are observed on TiO2 compared to in DMF, which can be 
attributed to fast forward electron transfer from the BODIPY dye molecule to TiO2, followed by fast back 
electron transfer from the TiO2 to the dye molecule which regenerates the ground state; this total charge 
transfer process can then be represented as kct = (1/kf+1/kb)

-1, where kf and kb are the rate constants for 
forward and back electron transfer, respectively. The initial charge transfer rates (calculated at 0 ps delay) 
were calculated assuming no significant differences in the other radiative and non-radiative decay rates 
between BODIPY molecules in DMF and on TiO2. We find the charge transfer rate to be higher for the 
BODIPY-2 dye as compared to the BODIPY-1 dye, which is consistent with our photoelectrochemistry 
results discussed earlier. 

5. Heterogeneous charge transfer activities of single polymer chain using SERS. 

a. Single Molecule P3HT. This study is intended to increase the fundamental knowledge of structural and 
conformational dependence of single molecule Raman scattering one of the most common organic 
semiconductors, poly (3-hexylthiophene-2, 5-diyl) (P3HT) (Figure 8 and 9). Single molecule Raman 
spectra of P3HT are found to have extremely long lifetimes in comparison to the R6G single molecule 
trajectories due to the multiple chromophores nature contained in the conjugate polymer molecules. 
Single molecule spectra evolution and dynamic changes in its trajectories are recorded for polymer chains 
on SERS active silver substrate. Studies of the effects of four solvents, including Chlorobenzene, 
dichloromethane, toluene, and tetrahydrofuran, used to dissolve the polymer to spin coat the P3HT onto 
the Tollens silver mirror surface show good agreement with the ensemble measurements. Toluene showed 
the most Raman bands in its spectra but similar overall intensity was seen in the trajectories using all 
solvents, indicating that total photoluminescence is solvent independent while the solvent plays a critical 
role in defining the folding of the molecule on the surface. Time dependent Raman spectra were measured 
with 30 seconds per spectrum using a spectrometer. Polarization effects were confirmed by varying the 

 

Figure 8. SEM image (A) of nanotextured silver surface for 
single molecule SERS, its absorption spectra (B), the 
comparison of SERS spectra of single R6G molecule and 
ensemble R6G molecules (C), and   the SERS spectra of 
single P3HT molecule and ensemble P3HT molecules (D). 

 

Figure 9. Panel A and B are scanning Raman image of 
Rhodamine 6G (R6G) and P3HT, respectively, on the 
Tollens silver mirror substrate shows multiple hotspots 
showing only a few spots contains an actual molecule. Panel 
C and D are the corresponding Raman spectra and time flow 
of the spectra of single molecule R6G and P3HT.   
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incident light polarization and help indicate the capability of local field for single molecule Raman 
detection and its sensitivity to incident light polarization.   

A paper has been written and is undergoing internal group review. Further work needs to be 
performed regarding necessary experiments in order to fully clarify the results, but it is noted that single 
polymer Raman spectroscopy is obtained from these results on our instrumentation. Thus applications 
toward the TiO2 and polymer dye interactions may be probed after further study into the electrical 
properties of TiO2.  
b. SERS at single crystal TiO2. With single molecule and single polymer spectroscopic capabilities 
established, it was determined that further advancement needed to be made towards making a suitable 
substrate for these measurements that involved TiO2. Anatase TiO2 single crystals (Figure 10) have been 
shown to be favorable for light adsorption in solar cells, and have had a hydrothermal method developed 
for the controlled growth using HF. We started working on SERS at single anatase TiO2 surface using our 
single molecule SERS capability in order to come to a better understanding of the charge transfer effects 
dependent upon the crystal shape, defects, and facial reactivity. In order to do this we start by preparing 
the single crystal TiO2 using the hydrothermal reaction and HF. We then performed nitrogen doping on a 
portion of the TiO2. Nitrogen doping is done because the presence of dopants, particularly nitrogen, has 

been noted to reduce the band gap making it possible for the TiO2 to absorb visible light, not just 
ultraviolet light. The samples were then probed using a confocal microscope set-up, which allowed for 
imaging of the fluorescence of the samples, and allowed a direct probe of the silver growth sites. Further 
addition of rhodamine 6G (R6G) allowed Raman spectrums and images to be resolved, that when fully 
studied can provide details about the photoelectric effect dependent upon the crystal face (Figure 11). 
Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) where then used to 
confirm the structure, site specific x-ray diffraction to confirm the crystal and face structures, and x-ray 
photoelectron spectroscopy (XPS) is in the process of being performed to confirm elemental analysis. 
 
6. Studying charge transfer between individual MEH-PPV molecules and TiO2 via fluorescence 
microscopy.  
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Figure 11. The optical image (top left) and the TEM 
image (top right) confirmed that silver did grow on the 
nitrogen doped TiO2 single crystals. Once again the 
addition of R6G causes blinking effects to occur in the 
Raman spectrum (bottom left) shows the r6g Raman 
signature.and intensity trajectory (bottom right).  

 

 

Figure 10. The TEM image shows bare TiO2 nanocrystal, (top 
left), clear silver growth on the nitrogen doped (top middle) 
sample and corresponding SERS image of r6G coated single 
Ag-TiO2 crystal (top right). Bottom shows element analysis 
and SEM image of Ag nanoparticle coated single crystal TiO2. 
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Note: the following results are not published yet. A full detailed research description is included in this 
final report. This includes experimental and discussion.   
Presented here in this report are fluorescence studies of individual MEH-PPV molecules at TiO2 surfaces. 
Optical quality TiO2 thin films were prepared which serve as both the sample substrate and an electron 
accepting material. The MEH-PPV: TiO2 system constitutes a model interface for organic-inorganic 
hybrid solar cells. Time resolved transient absorption spectroscopy was carried out on MEH-PPV and 
P3HT thin films on the TiO2 substrates in order to confirm the occurrence electron transfer at the 
ensemble level. Single molecule fluorescence measurements were then performed for molecules on glass 
and TiO2 substrates, and an analysis of the molecules’ transient “on”/“off” fluorescence switching 
behavior was carried out. Excitation polarization anisotropy studies are also presented which show the 
effects of the TiO2 substrate morphology on the conformation of individual MEH-PPV molecules. These 
results are discussed within the context of previous single molecule studies, and possible directions for 
future single molecule studies of conjugated polymers at semiconductor substrates are discussed at the 
outset.  
6.1  Experimental details  
6.1.1 Chemicals. Titanium(IV) isopropoxide (98 %), Pluronic P123 (BASF), poly[3-hexylthiophene] 
(P3HT, MW = 45,000, American Dye Source), poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-
phenylenevinylene] (MEH-PPV, MW = 100,000, American Dye Source), poly[methyl methacrylate] 
(PMMA, MW = 15,000, Acros Organics), acetone (A.C.S. Spectrophotometric Grade, 99.5 %), and 
chloroform (A.C.S. Spectrophotometric Grade, 99.8 %, Sigma-Aldrich) were obtained from the indicated 
sources and used without further purification. Isopropanol, ethanol (200 proof), and concentrated HCl 
were standard laboratory grade and used without further purification. The solvents used in the preparation 
of single molecule samples (chlorobenzene and chloroform) must be treated with extreme care to ensure 
they remain free from contamination.  
6.1.2 Synthesis and Characterization of TiO2 Films. The syntheses of ordered mesoporous TiO2 films for 
use in these studies were adapted from a surfactant-templated sol-gel method reported previously. In a 
typical synthesis, 620 µL of conc HCl was added dropwise to 1.04 g of Titanium(IV) isopropoxide under 
vigorous stirring. The solution was left stirring for 10 minutes. A solution of P123 in 3.7 mL of ethanol 
was then added dropwise under vigorous stirring and left to stir for 15 minutes. The resulting solution was 
used in the spin coating procedure described below. In the synthesis described above, the amount of P123 
was varied to alter the resulting mesostructure of the film. 200 mg of P123 resulted in hexagonally 
ordered pores with a diameter of 8-9 nm. The concentration of P123 used in the synthesis of other films is 
given as a fraction of this concentration. P123 solutions were prepared by melting the P123 at 80 oC and 
pipetting the amount needed. Thin films were prepared by spin coating 150 µL of the TiO2/P123 solution 
onto microscopic cover glass slides (Corning, 0.15 mm thick) at 7500 rpm for 60 s. The cover glass slides 
were cleaned via sonication for 15 min each in a mild detergent solution, 25 g L-1 KOH in EtOH, DI H2O, 
i-PrOH, and DI H2O, sequentially, followed by UV-O3 cleaning (Bioforce Nanosciences Procleaner Plus) 
for 10 min. After spin coating, the TiO2 films were left in a -10 oC freezer overnight. The films were then 
heated from room temperature to 400 oC at a ramp rate of 1 oC min-1 and were held at this temperature for 
4 h. Scanning electron microscopy (SEM) images of the synthesized films were obtained using a JEOL 
7000 FE-SEM with an accelerating voltage of 20 kV. Atomic force microscopy (AFM) images were 
obtained with a Digital Instruments Nanoscope IV AFM with bare Si AFM tips (325 kHz, 46 N m-1, ~8 
nm tip radius, MikroMasch). Steady-state absorption spectra were acquired with a Varian Cary 50 UV-
Vis spectrophotometer.  
6.1.3 Preparation and Characterization of Samples for Transient Absorption Measurements. P3HT and 
MEH-PPV films were prepared by spin coating from a solution in CHCl3 onto clean plain cover glass and 
TiO2 substrates at 1000 rpm under a N2 atmosphere. The films were annealed by heating under an Ar 
atmosphere from room temperature to 140 oC at 10 oC min-1 and held at this temperature for 30 min. 
Absorption spectra of the films were acquired with a Varian Cary 50 UV-Vis spectrophotometer.  
6.1.4 Transient Absorption Measurements. Transient absorption spectra were acquired with an instrument 
described previously. Samples were excited with a Ti-sapphire laser system (150 fs pulse width, 1 kHz 
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repetition rate, Clark MXR CPA-2010). The pump and probe beams were created by splitting the 775 nm 
fundamental output, with 95 % being frequency doubled to create 387 nm pump pulses while the other 
5 % was used to generate continuum probe pulses in the visible region. A femtosecond transient 
absorption spectrometer (Ultrafast Systems Helios) was employed for data acquisition. In order to protect 
samples from oxygen and moisture, all measurements were performed in N2-purged optical cells. The 
acquisition rate was 500 Hz, and the pulse fluence was 20 µJ cm-2.  
6.1.5 Preparation of Samples for Single Molecule Fluorescence Measurements. MEH-PPV solutions 
were prepared by carefully diluting a stock solution (1 µM in CHCl3) with CHCl3 to concentrations on the 
nM regime. Molecules were deposited on the substrate by spin coating 150 µL of these solutions at 1000 
rpm. Where noted, an inert polymer layer was then deposited by spin coating 150 µL of a solution of 
PMMA in Acetone (10 mg mL-1) at 1000 rpm.  
6.1.6 Single Molecule Fluorescence Measurements. Single molecule fluorescence transients 
(fluorescence-time curves) were acquired using the instrument depicted in Figure 12.  
 

 
Figure 12. Optical setup for wide field fluorescence measurements. The optical path within the microscope is depicted in 
Figure 13. 
 
Samples were mounted onto a standard inverted optical microscope (Olympus IX-71). Where noted, a 
custom flow cell was employed to allow measurements to be taken under N2 purging. The excitation 
source for all measurements was a 488 nm laser (25 mW, Modu-Laser). The excitation light is directed 
through neutral density (ND) filters as necessary to reduce the power of the excitation beam. The beam 
(initially linearly polarized) can then be sent through quarter- or half-wave plates (denoted  and ) to 

alter the polarization of the excitation beam. The plate can be used to change from linear to circular 

polarization, while the  plate can be used to rotate the polarization angle of the linearly polarized 

excitation beam. If desired, the explicit polarization angle with the respect to the laboratory reference 
frame can be acquired by reflecting a small portion of the excitation beam (~4 %, using a microscope 
slide) through a polarizer and onto a Si photodiode. In this case, a potentiostat (CH Instruments 660C) is 
used to synchronize measurements at the CCD camera and Si photodiode. Before the excitation beam 
enters the microscope, it passes through a lens with a long focal length to slightly decollimate the 
excitation beam. The optical path within the microscope is depicted in Figure 13.  
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Figure 13. Optical path within the optical microscopes used for fluorescence measurements. The excitation and emission paths 
are offset for clarity. 
 
The excitation beam first travels through a 488 nm band pass filter to eliminate any contributions from 
other fundamental lines of the laser source. The beam is then reflected off of a 500 nm long pass dichroic 
mirror into the microscope objective. The microscope objective, typically a 100x, NA = 1.3 oil-
immersion lens, focuses the excitation light onto a small area of the sample. The resulting fluorescence is 
collected through the same objective and passes through the dichroic mirror, while reflected/scattering 
excitation light is reflected. The collected fluorescence signal is then passed through a 488 nm notch filter 
to remove any remaining excitation light and is directed into the detector. The fluorescence was detected 
using an electron multiplying charge coupled device (EM-CCD) camera (Andor iXon). The data was 
collected in the form of fluorescence “movies” (a stack of TIFF images) with time resolutions between 20 
and 50 ms. The image dimensions were calibrated using a USAF test target (Thorlabs). Each pixel in the 
fluorescence images represent a 150 nm × 150 nm sample area. Single molecule fluorescence spectra 
were acquired using the optical setup depicted in Figure 14.  

 
Figure 14. Optical setup used to acquire single molecule fluorescence spectra. The optical path within the microscope was 
identical to that given in Figure 13. 
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The excitation source here was the same 488 nm laser used in the wide field setup. The excitation beam 
was passed through a beam expander (10x, Thorlabs BE10M) before being focused through a 50 µm 
pinhole. After recollimation, the beam was passed through ND filters as needed to reduce the excitation 
power and an iris to eliminate diffracted light before passing into the microscope. The emitted 
fluorescence was collimated, then directed into a 50:50 beam splitter. Half of the beam was sent to a 
spectrometer/CCD (Princeton Instruments PI-200/Princeton Instruments Spec-10) for spectral acquisition 
and the other half was sent to a pair of avalanche photodiodes (APDs, PerkinElmer). A polarizing beam 
splitter was employed between the 50:50 beam splitter and the APDs to separate the orthogonal 
polarization components of the emission. The small active area (~180 µm in diameter) of the APDs and 
the pinhole provided a confocal optical configuration, which serves to reduce the detection of background 
light originating away from the focal plane. Images were first acquired by rastering the location of the 
excitation beam on the sample and detecting the emission intensity at the APDs. Single molecules appear 
as diffraction-limited (d≅ ) spots in the image (as would any feature smaller than this limit). An area in 

the image which is believed to correspond to individual molecules is identified and the sample is moved 
so that the excitation beam resides in this area. It is at this point that spectra are acquired using the CCD 
camera.  
6.1.7 Data Analysis. Custom MATLAB software was used to fit the transient absorption spectra, extract 
fluorescence transients from the raw TIFF data, acquire “on”/“off” blinking statistics, and perform 
polarization fitting.  

6.2 Results and Discussion 

6.2.1 Synthesis of TiO2 Films. Mesoporous TiO2 substrates for use in these studies were synthesized 
according to a reported literature procedure with slight modifications. Titanium (IV) isopropoxide was 
hydrolyzed by the addition of concentrated HCl. The resulting TiO2 sol was mixed with a solution of the 
block copolymer Pluronic P123 in EtOH. This mixture was then spin coated onto to substrates to yield 
TiO2-P123 thin films. During the aging process, phase separation within the films resulted in hexagonally 
packed cylindrical P123 micelles surrounded by TiO2. The films were then heated to a high temperature 
(400 oC) in air to remove the P123 in the film, resulting in mesoporous TiO2 films. The crystal structure 
of the films were investigated experimentally, but is predicted to be anatase based on the literature 
procedure that was followed. Typical SEM and AFM images of the synthesized films on Si and glass 
substrates, respectively, are given in Figure 15 and Figure 16, respectively.  
 

 
 
Figure 15. SEM images of a TiO2 film prepared on Si with a P123 concentration of 54 mg mL-1. 
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Figure 16. AFM height image of a TiO2 film prepared on glass with a P123 concentration of 54 mg mL-1. The inset is a 
photograph of a synthesized TiO2 film on cover glass. Yellow and red coloring in the AFM image indicates areas of high and low 
height, respectively. 
 

  
 

Figure 17. SEM images of TiO2 films synthesized with the indicated concentrations of P123. 
The resulting films on both substrates are highly ordered, with features between 8 and 9 nm in size. Films 
on Si substrates appear to consist of a continuous TiO2 network with hexagonally arranged pores. A 
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closer inspection of the images, however, show that the pores are often not completely separated from one 
another and the true structure lies somewhere between a continuous TiO2 network and isolated TiO2 
“nanopillars”. The AFM images suggest that the TiO2 films on glass are closer to the hexagonally packed 
TiO2 nanopillar geometry. An OPV employing one of these mesoporous TiO2 films as the electron 
acceptor would resemble the “ideal” device geometry. Provided the electron donor material could 
infiltrate the pores in the TiO2 film, excitons generated within the light absorbing donor layer would only 
have to travel < 5 nm to reach a donor-acceptor heterojunction. The ability to use the same films for 
single molecule studies and the construction of functional devices is desirable, as it allows for more direct 
correlations between the fundamental studies described here and measured OPV efficiencies. In order to 
study the effects due to the films’ mesostructure, TiO2 films of varying porosity were synthesized. This 
was accomplished by simply varying the amount of P123 used in the film synthesis. This should alter the 
number of P123 micelles present in the TiO2-P123 film after spin coating, but not the micelle (and 
therefore pore) size, which is determined by the polymer structure. SEM images of films synthesized with 
varying concentrations of P123 are given in Figure 17.  
As predicted, reducing the concentration of P123 used in the film synthesis resulted in films with roughly 
the same pore diameter, but a lower pore density. At lower P123 concentrations, the pores are essentially 
randomly distributed across the film surface. It is also possible that the pores are oriented at random 
angles with respect to the substrate norm. The images provided here do not provide insight into this 
possibility, but it would not impact the utility of the films for use in these studies. As would be expected, 
TiO2 films prepared without any surfactant were essentially flat.  
6.2.2 Transient Absorption Studies. In order to confirm the synthesized TiO2 substrates would perform 
well as electron accepting substrates for use in single molecule studies, transient absorption spectroscopy 
studies were carried out. Transient absorption spectroscopy is a time-resolved spectroscopic technique 
which can be used to track the evolution of photogenerated species within a sample. A “probe” pulse is 
first sent through the sample to obtain a baseline absorbance value, followed by a “pump” pulse to 
generate excite states within the sample. After a delay time, another probe pulse is used to measure the 
change in absorbance over time. Kinetic data is generated by varying this delay time. Results from 
transient absorption measurements for P3HT films on glass and TiO2 substrates are given in Figure 18.  
 

 
Figure 18. Transient absorption maps for annealed P3HT films on glass and TiO2 substrates. Vertical slices represent individual 
spectra. Delay time increases from left to right. 
 
 These transient absorption “maps” give the change in absorbance (ΔA) as a function of photon 
energy (y-axis) and delay time (x-axis). The negative features at E > 2 eV are due to the “ground state 
bleaching” of P3HT. This arises simply from a lower number of ground state chromophores present in the 
film and resembles the ground state absorption spectra. Though difficult to see in Figure 18, there is a 
broad positive feature at E < 2 eV corresponding to the absorption of hole polarons within the film. The 
generation of polarons occurs at the interface as a result of exciton dissociation:  
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6.1 

where S1 denotes an exciton, h+ a hole polaron localized on a P3HT chain, and CB the conduction band of 
TiO2. The evolution of the polaron absorption signal therefore serves as a rather direct metric for charge 
transfer between P3HT and TiO2. In order to extract useful kinetic data from the transient absorption 
spectra, each spectrum was fit to a combination of Gaussian functions. Example fits are given in 
Figure 19.  
 

 
Figure 19. Transient absorption spectra at a 200 ps delay time for P3HT films on glass (left) and TiO2 (right) substrates. Black 
squares are experimental data points, solid lines are fits, and red dashed lines represent contributions from individual peaks. 
 
For the spectra of films on glass, the ground state bleaching signal was fit to a combination of 4 
Gaussians (denoted B1:B4). The same peak positions were used to fit the spectra of films on TiO2, along 
with a fifth to model the polaron absorption feature. The peak positions and widths are given in Table 2. 
The relative broadening of the peaks on TiO2 is attributable to an increase in inhomogeneous broadening 
resulting from a higher distribution in polymer conformations induced by the mesostructured TiO2 surface.  
 
 
 

Glass TiO2

Peak Position (eV) FWHM (eV) Position (eV) FWHM (eV) 
A1 N/A  N/A  1.794 ± 0.006 0.450 ± 0.050 
B1 2.018 ± 0.001 0.111 ± 0.002 2.018 0.100 ± 0.010 
B2 2.192 ± 0.002 0.144 ± 0.007 2.192 0.260 ± 0.020 
B3 2.359 ± 0.005 0.140 ± 0.020 2.359 0.280 ± 0.050 
B4 2.270 ± 0.040 0.310 ± 0.050 2.470 0.210 ± 0.020 

 
Table 2: Transient absorption peak positions and widths for P3HT films on glass and TiO2 substrates. 
Errors given are standard errors from data fitting. 
 
Ground state bleaching kinetics for films on glass and TiO2 is given in Figure 20.  
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Figure 20. Normalized ground state bleaching signal for P3HT films on glass and TiO2. Signal given was calculated from the 
total peak area (B1 + B2 + B3 + B4). 
 
For films on both substrates, there is an essentially constant non-zero signal at long delay times. This 
indicates the formation of species whose lifetime is much longer than the experimental time window (< 1 
ns) such as hole polarons, which have been shown to persist for up to several hundred ns in P3HT-PCBM 
blends. A significantly higher fraction of the original signal remains for films on TiO2 than those on glass 
(~30 % vs. 10 %), which can qualitatively be attributed to exciton dissociation at the P3HT-TiO2 interface. 
In order to extract quantitative information from the transient absorption data, a physical model used to 
derive expressions for peak areas (φ) in terms of the absorption cross-section (σ), exciton lifetime (τex), 
diffusion constant (Dex), film thickness (h), and initial exciton concentration (C*ex). The important 
expressions for the discussion here are:  

6.2 

 

6.3 

6.4 

 
The model used assumes excitons dissociate at the polymer-TiO2 interface much quicker than they can 
arrive via diffusion (i.e., exciton dissociation is a diffusion limited process). This assumption is 
commonly employed in the calculation of exciton diffusion lengths in conjugated polymers from 
fluorescence lifetime measurements. h was calculated from the optical absorption of the films at 540 nm, 
using a linear absorption coefficient of 1.6 × 105 cm-1 taken from the literature. Results of fitting the data 
presented in Figure 18 to this model are given in Figure 21. Fitting parameters are given in Table 3. The 
poor fit of the ground state bleaching signal is most likely due to the modeling of the natural exciton 
decay as a single exponential. This is overly optimistic, as heterogeneities in chromophore conjugation 
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lengths, interchain distances, etc. would result in a distribution of exciton lifetimes. The fit to the polaron 
absorption appears good, but the signal-to-noise ratio of the data is rather high.  
 

 
Figure 21. Fitting results for the ground state bleaching (left) and polaron absorption (right) for P3HT films on TiO2. 

 
 

τ (ps) Dex (cm2 s-1) C*ex (cm-3) R2 

P3HT GSB 67 ± 2 (4.0 ± 0.2) × 10-2 (5.28 ± 0.03) × 1016 0.986 
P3HT Polaron 60 ± 10 N/A  N/A  0.642 

MEH-PPV GSB 20 ± 1 (1.1 ± 0.1) × 10-3 (8.8 ± 0.1) × 1016 0.964 
 
Table 3: Results of transient absorption kinetic fitting for P3HT and MEH-PPV films on TiO2. GSB denotes the ground state 
bleaching signal. Values for Dex and C*

ex were not independently obtainable through fitting of the polaron absorption data (see 
Equation 6.4). The film thicknesses (h) of the P3HT and MEH-PPV films were estimated by optical absorption measurements to 
be 42 nm and 7.5 nm, respectively. Indicated errors are standard errors from data fitting. 
 
The exciton lifetimes acquired from the ground state bleaching and polaron absorption features are the 
same within fitting error, which is required if the model is valid. It should be noted that this is on the 
lower end of the range of exciton lifetimes commonly reported. Most reported exciton lifetimes are 
obtained via fluorescence measurements, which are inherently skewed toward the relatively low fraction 
of fluorescent sites within a conjugated polymer film. In the case of P3HT, the fluorescence quantum 
efficiency can be well below 1 %. It would thus be expected for lifetimes obtained via transient 
absorption measurements to be significantly lower. The ~70 ps exciton lifetime reported here is close to 
those reported in the literature obtained using similar methods. An exciton diffusion length (Lex) can be 
calculated from τex and Dex as:  

 
6.5

Using values of τ = 67 ps and Dex = 0.040 cm2 s-1 results in Lex, which is significantly higher than the 
commonly accepted values. This results from an overestimation of the distance the excitons must diffuse 
to reach the P3HT: TiO2 interface. Since infiltration of polymer into the TiO2 film would reduce the 
“effective” film thickness, the value of Dex extracted from the model employed should serve as an upper 
limit of the true value. As a result, Lex would also serve as an upper limit, and in that sense is consistent 
with the reported literature. As will be seen below in the discussion of the transient absorption of MEH-
PPV on TiO2, the only substantial signal observed for MEH-PPV is due to ground state bleaching. 
However, the clear differences in this signal for films and glass and TiO2 substrates can be used to 
demonstrate charge transfer occurs between MEH-PPV and TiO2 at the ensemble level. Transient 
absorption maps for annealed MEH-PPV films on glass and TiO2 substrates are given in Figure 22. No 
significant spectral signatures at energies lower than 2 eV were observed. This is to be expected, as the 



24 
 

highest energy absorption feature for hole polarons on MEH-PPV has been previously reported at ~1.4 eV, 
which is beyond the spectral window employed here. The ground state bleaching feature appears to 
persist for longer for films on TiO2, consistent with electron transfer from MEH-PPV to TiO2, preventing 
recover of the ground state.  

 
Figure 22. Transient absorption maps for annealed MEH-PPV films on glass and TiO2 substrates. Vertical slices represent 
individual spectra. Delay time increases from left to right. 
 
A kinetic analysis of the ground state bleaching feature was carried out in a similar fashion as in the 
P3HT case, fitting the ground state bleaching feature to a combination of Gaussian functions. The results 
of the kinetic analysis are given in Figure 23. There is a clear difference in the ground state bleaching 
dynamics for annealed MEH-PPV films on glass and TiO2, attributable to exciton dissociation at the 
MEH-PPV: TiO2 interface. The fact that no difference is seen for unannealed films supports this, as 
exciton diffusion in unannealed conjugated polymer films is severely limited. 
 

 
Figure 23. Comparison of normalized ground state bleaching kinetics for unannealed and annealed MEH-PPV films on glass and 
TiO2 (left) and fit of ground state bleaching curve for the annealed film of TiO2 to Equation 6.3 (right). 
 
The kinetic data for the annealed MEH-PPV films on TiO2 were fit to Equation 6.3 as before, and the 
results are given in Table 3. A linear absorption coefficient of 2 × 105 cm-1 at 2.45 eV was used to 
estimate the MEH-PPV film thickness from its optical absorption. The exciton lifetime of 20 ps is, as in 
the P3HT case, lower than that obtained via fluorescence measurements. In contrast to the results for 
P3HT, the value of Dex obtained from the fit agrees well with previous reports for MEH-PPV. This may 
be due to a lower degree of polymer infiltration into the porous TiO2 surface, making the geometry 
assumed in the derivation of Equation 6.3 more appropriate. The reconciliation of the transient absorption 
data for both P3HT and MEH-PPV with the model presented firmly supports that charge transfer between 
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conjugated polymers and the synthesized TiO2 substrates readily occurs. Though these results are not 
particularly novel, they are a necessary foundation for the single molecule experiments discussed below.  
6.2.3 Differences in Fluorescence Blinking Behavior on Glass and TiO2 Substrates. Fluorescence 
microscopy was employed to study transient effects in charge transfer between single molecules of MEH-
PPV and TiO2. Typical single molecule fluorescence images acquired with the optical setup depicted in 
Figure 12 for MEH-PPV molecules on glass and TiO2 substrates are given in Figure 24. Optical images 
are obtained in a wide field configuration, and contain no spectral information. Individual molecules 
appear in the images as diffraction limited spots, with widths of ~ . The samples are prepared by spin 

coating from a dilute (~ nM) solution in CHCl3. The ideal concentration was determined by preparing 
samples from solutions with successively decreasing concentrations of MEH-PPV until the number of 
fluorophores visible on the sample was similar to that of a solvent blank.  
 

 
Figure 24. Example false color fluorescence images of MEH-PPV molecules on glass and TiO2 substrates. 
 
Though transient effects in the fluorescence of individual MEH-PPV molecules is the focus of this work, 
example fluorescence spectra for individual molecules and a thin film of MEH-PPV are provided in 
Figure 25. Immediately apparent is the differences in the spectral profile for individual molecules as 
compared to the bulk (thin film) sample: a portion of the single molecules exhibit peaks around 2.4 eV 
which are not present in the bulk spectrum. This can be attributed to an increase in the average effective 
conjugation length for chromophores via π-stacking interactions between adjacent polymer chains in the 
bulk sample. This increase in the number of low energy chromophores, or “red” sites results in rapid 
resonance energy transfer from “blue” chromophores within the film. Also apparent in Figure 25 is the 
considerable heterogeneity in peak positions and relative peak ratios from molecule to molecule. This 
relates directly to variations in molecular conformation, which affects the effective conjugation length of 
chromophores within each molecule.  
Fluorescence transients for individual MEH-PPV molecules on glass and TiO2 substrates are given in 
Figure 26. In total, more than 2,000 molecules on glass and 1,300 molecules on TiO2 were analyzed. 
Though only 3 transients are given for molecules on each substrate in Figure 26, the differences between 
them are reflective of the general trends in the data.  
Statistical analysis of the transients in which the on/off, or “blinking”, behavior was apparent was carried 
out for molecules on glass and TiO2. A threshold fluorescence intensity was set just above the background 
level, and the amount of time the molecule spent above or below this threshold was counted for each 
on/off event. The result of the statistical analysis is given in Table 4. Molecules on glass fluoresce longer 
before photobleaching, a higher proportion of molecules exhibit temporal fluctuations in fluorescence 
intensity, and these fluctuations are quicker for molecules on TiO2.  
 

# Analyzed % Blinking  (s) (s) mon moff 

Glass  2094  25  1.36  4.00  1.42 ± 0.04 1.23 ± 0.03 

TiO2 1345  55  0.82  3.56  1.64 ± 0.04 1.63 ± 0.03 
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Table 4: Statistical analysis of fluorescence blinking for MEH-PPV molecules on glass and TiO2.  and are the 

simple averages of on and off state durations. mon and moff are the power law fitting parameters (P(t)=N0t
-m). Errors given are 

standard errors from data fitting. 

 
Figure 25. Example fluorescence spectra for individual MEH-PPV molecules on glass. 

 
Figure 26. Example fluorescence transients for individual MEH-PPV molecules on glass and TiO2 substrates. Excitation intensity 
was 130 W cm-2. 
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Several things are striking about the results presented thus far. The fact that the fluorescence of individual 
MEH-PPV molecules on a TiO2 substrate is detectable, much less comparable in intensity to that for 
molecules on glass, is surprising. Electron transfer between MEH-PPV and TiO2 in thin films has occurs 
on ps timescales. Since exciton diffusion of nm distances is not required, one might expect (reasonably so) 
that electron transfer between individual MEH-PPV molecules and a TiO2 surface would occur with 
essentially unit efficiency, constantly quenching their fluorescence. The data shown here contrasts with 
this situation, however. The quenching of individual molecules appears to be intermittent, “blinking” 
between “on” and “off” states on ms to s timescales. Before continuing in the discussion, one possible 
explanation for these observations must be addressed: that a small fraction of unquenched molecules on 
the surface are being probed. In this scenario, a large fraction of the molecules on the TiO2 surface would 
be quenched and thus undetectable in the fluorescence measurements. Unfortunately, the optical 
measurements employed here can are of no use in testing this possibility; there will be no difference 
between the fluorescence from a region of the TiO2 substrate with no molecules present and another with 
one or more efficiently quenched molecules. A physical microscopy method, such as AFM, would have to 
be employed in tandem with the optical measurements to provide a definitive conclusion about the 
presence of “dark” molecules on the substrate. Though this has not been done here, there is strong 
circumstantial evidence that the molecules probed on TiO2 are representative of the entire population. If 
the visibility of molecules on TiO2 was due to the occupation of inactive regions of the TiO2, it would be 
expected for there to be minimal differences in their spectroscopic properties. The stark differences in 
blinking observed between molecules on the glass and TiO2 strongly suggest that such a “defect 
occupation” scenario is invalid. Also, the images shown in Figure 24 show that the number of visible 
molecules on glass and TiO2 are similar (certainly within an order of magnitude). A perfect agreement 
here is not to be expected, as differences in the substrate’s structure and interaction with the spin coating 
solvent will affect the spin coating process used to deposit the molecules. So, assuming the molecules 
probed form a representative sample, why does this disparity between the thin film and single molecule 
measurements exist? The key difference in the underlying physics is the lack of intermolecular 
exciton/hole polaron transfer in the single molecule case. In the case of exciton dissociation at the 
interface of MEH-PPV and TiO2 thin films, the resulting hole polaron can diffuse/migrate into the bulk of 
the film, making recombination less favorable. This would result in a longer lifetime for the h+/CB- state 
than that in the single molecule case, where the polaron is more or less confined close (within one 
polymer molecule) to the TiO2 surface. Another possibility that would account for this discrepancy is that 
exciton dissociation might only be very favorable on localized regions of the TiO2 surface. This would not 
have a profound effect for conjugated polymer films, as the lateral movement of excitons/holes parallel to 
the surface could ensure all generated excitons have a chance to reach an active area of the TiO2 surface, 
provided a sufficient number of active sights per unit area exist. Such lateral movement of holes within 
organic films has been shown to impact photocatalytic processes in dye-sensitized TiO2 systems. 
Whatever physical model is used to explain the visibility of individual MEH-PPV molecules on TiO2 

must also be able to explain their stark blinking behavior. The MEH-PPV polymer employed here had an 
average molecular weight of ~100,000, consisting of ~380 repeat units. Previous studies have shown that 
for MEH-PPV, the effective conjugation length for individual chromophores along the polymer chain 
varies within 10-20 repeat units. On average, the molecules employed here would thus consist of ~25 
chromophores each. If such a large number of chromophores are behaving independently, one would 
expect for to any transient fluctuations in fluorescence intensity characteristic of single molecules to be 
“averaged out”. In contrast to this expectation, the data shown in Figure 26 along with numerous previous 
literature reports concerning the single molecule spectroscopy of conjugated polymers show transient 
blinking behavior reminiscent of that for small dye molecules. This behavior can be explained by an 
exciton “funneling” process depicted graphically in Figure 27. In this model, excitons are transferred from 
high energy “blue” chromophores to successively lower energy “red” chromophores via intramolecular 
RET. Although all chromophores along the chain absorb incident radiation, only a small fraction emit as a 
result of the RET process.  
 



28 
 

 
Figure 27. Depiction of the exciton “funneling” process within conjugated polymer molecules. Solid lines indicate linkages 
between adjacent chromophores. Dashed lines represent interchromophore RET. 
 
For the MEH-PPV molecules on glass, the observed blinking behavior can be attributed to the formation 
of quenchers at “red” sites on the polymer chains. The quenchers result from photoinduced reactions with 
atmospheric O2, likely through triplet states:  

6.6

In these experiments, attempts to eliminate the presence of O2 were made through the use of inert polymer 
(PMMA) capping layers. This was moderately successful, as only 25 % of the MEH-PPV molecules 
investigated on glass substrates displayed discernible blinking behavior (see Table 3). 55 % of MEH-PPV 
molecules on TiO2 substrates demonstrated blinking behavior. If it is assumed that the same fraction of 
molecules on TiO2 will show blinking behavior due to interactions with O2, the fraction blinking due to 
the presence of TiO2 can be estimated as: 

6.7

 A simple statistical analysis shows that of the 55 % of molecules which blink on TiO2, only ~50 % of 
these are due solely to the presence of TiO2, with ~30 % due solely to reactions with O2 and the remainder 
a combination of these effects. These numbers should be kept in mind during the following discussion of 
blinking statistics. Blinking due to the presence of TiO2 is presumably due to electron transfer from MEH-
PPV to TiO2:  

(6.8)

The distribution of on and off state durations for MEH-PPV molecules on both glass and TiO2 substrates 
were found to fit well to a power law distribution of the type:  

  
(6.9)

The results of the fitting are given in Figure 28. Power law kinetics arise when a physical process cannot 
be described accurately by one (or even several) static exponential rate constants, instead requiring a 
broad distribution of such rate constants over the relevant time regime or dynamic changes in these rate 
constants. This type of power law dependent switching between on/off states has been previously reported 
for semiconductor quantum dots and small organic molecules. Several origins for this behavior have been 
proposed in the literature. A model which has been highly successful in explaining the blinking behavior 
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of semiconductor quantum dots is the formation of long lived (ms to s or longer) dark states via tunneling 
through a barrier whose width fluctuates over time. This blinking behavior has also been explained as the 
variation of non-radiative decay rates over time, which does not require the existence of long lived trap 
states. The agreement between the data presented here for MEH-PPV molecules on glass and TiO2 and 
each of these possibilities will be discussed separately.  
If the observed blinking behavior for MEH-PPV on glass were due to long lived (ms to s) dark states, the 
rate constants for on/off switching (kon and koff) would refer to: 

(6.10)

(6.11)

The fluctuations on ms and longer times scales observed for MEH-PPV molecules on glass substrates 
have previously been attributed to the formation of quenchers along the polymer chain (On → Off) and 
the reversible elimination of these quenchers (Off → On). Intuitively, the formation of h+/O2

- at the 
dominant “red” emitter should be a well-defined process characterized by a single rate constant. To 
recover the power law behavior displayed in Figure 28, the barrier for h+/O2

- formation would have to 
exhibit large fluctuations over the experimental timescale. Considerable changes in this would require 
changes in the atmospheric concentration of O2 and/or changes in the accessibility of the emitter to the 
atmosphere. Under the experimental conditions employed (ambient atmosphere, molecules embedded in a 
PMMA matrix), neither of these should change appreciably. For MEH-PPV on TiO2, blinking due to 
discrete events could be represented as:  

(6.12)

 
(6.13)

Some insights into this situation can be gained from reported ensemble experiments. Measurements on 
MEH-PPV thin films have shown that some charge separation persists after electron transfer for > 1 ms. 
This value should set an upper limit on the lifetime of the h+/CB-state for the single molecule case, since 
the resulting hole polaron is confined close (within a single molecule) to the TiO2 surface. Considering 
the time resolution of these experiments (50 ms), it is unlikely that the blinking on TiO2 could be due to 
the observation of individual charge transfer events. If the observation of discrete quencher 
formation/elimination events is not considered, the blinking process could conceptually be due to any 
process:  

On Off
koff

kon

(6.14)

which changes the effective non radiative decay rate(s) (knr) of the system. For a conjugated polymer 
molecule on TiO2 undergoing resonance energy transfer to one emitter chromophore, the fluorescence 
observed from this chromophore can be modeled as:  

(6.15)

where krad and kex are the radiative relaxation and excitation rates, τ1,r, τt, and τh,r are the lifetimes of the 
excited singlet, triplet, and h+/CB- states, Φisc and Φfet are the quantum efficiencies for intersystem 
crossing and forward electron transfer, and Nd is the number of “donor” chromophores. An exactly 
analogous equation could be derived for the formation of h+/O2

- states on glass substrates. Immediately 
apparent are the several variables (Nd, Φfet, τh,r, etc.) which play a role in the observed fluorescence 
intensity. Of primary interest are changes in the forward and back electron transfer rates, which would be 
expected to be sensitive (presumably exponentially) to the distance between the chromophore and the 
TiO2 surface. For the molecules here, which were embedded in a solid PMMA matrix, it is unlikely that a 
given chromophore’s position would change drastically enough to account for the huge intensity 
fluctuations seen in Figure 26. The above discussion assumes the identity of the emitting chromophore 
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does not change over the course of the experiment. This is not necessarily true, however. Recent studies 
of model conjugated dimer molecules embedded in a PMMA matrix have shown that exciton flow (via 
RET) between chromophores can reverse directions over the timescale ms to s timescales considered here. 
This behavior is attributed to small, thermally activation molecular shifts which affect the conjugation 
lengths of the chromophores, switching the preferred direction for RET. So, while for the MEH-PPV 
molecules on TiO2 discussed here it may be unlikely that a chromophore’s position relative to the TiO2 
substrate could account for the observed blinking behavior, differences in chromophore-TiO2 distances 
between chromophores could. Essentially, dynamic changes in RET pathways within the molecule would 
result in correlated changes in the proximity of excitons to the TiO2 surface. Dynamic changes in RET 
within a molecule of this size would be a very complicated process, feasibly dependent on a multitude of 
rate constants for every bond rotation which would extend/decrease the conjugation for each 
chromophore within the molecule. It is certainly feasible for such a situation to result in power law-type 
kinetic behavior, but simulations are needed to confirm this. This scenario would also explain the power 
law blinking observed for molecules on glass substrates quite naturally, as it would be expected that these 
RET fluctuations would occur regardless of the substrate employed. Here, rather than chromophore-
substrate distance, the blinking would be attributable to atmospheric accessibility. The differences in 
power law exponents for molecules on glass and TiO2 would arise essentially from differences in the 
geometry of the situation. I.e., if chromophores were assumed to be lumped into “visible” and “dark” 
groups and the identity of the emitter switched randomly without prejudice, a 50:50 split would result in 
the highest frequency of switching events. One could imagine that for the same molecular conformation, 
the “dark” chromophores being those in close proximity to the substrate surface (TiO2) or being the 
outermost chromophores on the molecule (glass) would result in different blinking frequencies. This 
naturally leads to the conclusion that if single molecule measurements of this type are going to be used to 
investigate charge transfer via comparison to an “inert” substrate, it is of paramount importance to ensure 
the observed differences are not due simply to differences in molecular conformation.  

 
Figure 28.  “On” and “off” state probability densities for MEH-PPV molecules on glass and TiO2 substrates. 
6.2.4 Effect of TiO2 Film Morphology on Molecular Conformation. The TiO2 substrates used in the 
blinking studies were of the type depicted in Figure 15. Though the electronic differences between the 
substrates are of interest, as these would give rise to differences in electron transfer, there are also stark 
geometric differences present. The glass substrates are planar, while the TiO2 substrates are mesoporous 
with regular features smaller than 10 nm. It is therefore possible that the conformation of the MEH-PPV 
molecules is different on glass and TiO2. Differences in polymer conformation (controlled by varying the 
spin coating solvent) have been shown to drastically affect the blinking behavior of conjugated polymer 
molecules. In order to address this possibility of differing molecular conformations due to the 
mesostructure of the TiO2 substrates, excitation polarization anisotropy experiments were carried out. In 
these experiments, the fluorescence of individual MEH-PPV molecules was measured under low power 
excitation with linearly polarized light. The polarization angle was altered during the measurement, 
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resulting in fluorescence transients resembling the one given in Figure 29. These experiments were 
carried out for molecules on each of the substrates depicted in Figure 17.  
 

 
Figure 29. Example fluorescence transient obtained during a polarization anisotropy experiment. The polarization angle of the 
excitation light was rotated at 20o s-1 and the time resolution was 0.5 s. The red line shows the fit to a cos2 function. 
 
A typical polarization trajectory is given in Figure 29. As expected for a linear absorption process, the 
trajectory fits well to a cos2 relation: 

 
(6.16)

  
where θ is the excitation angle. A polarization anisotropy, M, can be defined from these fitting parameters:  

(6.17)

 
For the molecules considered, which are composed of ~25 individual chromophores, the measured 
intensity at any point in the polarization trajectory would be due to:  

(6.18)

 
where Iex is the excitation intensity, σi is the absorption cross-section for the ith chromophore, and ϕi is the 
orientation angle of the ith chromophore’s transition dipole. The distribution of ϕi will affect the observed 
polarization anisotropy, which provides insight into the conformation of the polymer molecule. For 
example, a high value of M implies high alignment of chromophores within the molecule. This is 
indicative of a straight, or “rod-like” conformation. If the chromophores were more or less randomly 
distributed, as in a totally disordered polymer molecule, a low value of M would be expected.  
 

[P123] (mg mL-1) # Analyzed
54  93  0.8 ± 0.4 1.0 ± 1.7 
27  78  0.7 ± 0.3 0.6 ± 0.8 
14  73  0.7 ± 0.4 0.5 ± 0.8 
0  49  0.7 ± 0.3 0.5 ± 0.9 
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Table 4: Average excitation polarization anisotropy ( ) and average relative maximum fluorescence intensity ( ) for 

MEH-PPV molecules on TiO2 substrates prepared with different P123 concentrations. The fluorescence intensities are 
normalized to that for the 54 mg mL-1 film. 
 
This fitting was carried out for a large number of molecules on TiO2 substrates of varying porosity. The 
porosity was altered by controlling the amount of templating surfactant, P123, used in the film synthesis, 
with higher concentrations resulting in films with higher ordering and porosity. The results of these 
experiments are summarized in Table 4. There are no statistically significant differences in the excitation 
anisotropy (M) or maximum emission intensity (Imax) found between molecules prepared on the different 
substrates. This is consistent with previous reports, which show that conjugated polymer molecules 
exhibit significant “memory” of the solvent system from which they were cast. The obtained M values of 
around 0.7 is consistent with theoretical expectations for rod-like polymer conformations.  
6.3 Conclusions 

These experiments further demonstrate the power of using single molecule techniques to study 
interfacial processes. The fluorescence of individual MEH-PPV molecules on glass and mesoporous TiO2 
substrates was demonstrated to be detectable. The detection of single molecule fluorescence for MEH-
PPV on TiO2 is surprising due to the expectation of quenching due to ultrafast electron transfer to the 
conduction band of TiO2. The transient absorption studies presented demonstrated that this occurs in thin 
films of P3HT and MEH-PPV films on the TiO2 substrates. The visibility of individual MEH-PPV 
molecules TiO2 on substrates is attributed to efficient intramolecular RET to a low energy chromophore 
located away from the TiO2 surface.  
 The transient on/off blinking behavior of individual MEH-PPV molecules on glass and TiO2 was 
analyzed statistically. The lifetime distributions of both the “on” and “off” states for molecules on glass 
and TiO2 substrates were found to follow a power law relationship. Fluctuations in the intramolecular 
RET process are a feasible explanation for this transient on/off blinking behavior on both substrates. 
Differences in the geometric distribution of “dark” chromophores within the molecules on glass 
(outermost chromophores) and TiO2 (chromophores closest to the TiO2 surface) could possibly account 
for the differences in mon/moff values, but quantitative conclusions concerning the kinetics of these systems 
cannot be reached without detailed simulations and further experiments evaluating the temperature 
dependence of this process.  
 Excitation polarization anisotropy experiments were carried out to assess the impact of the 
mesostructure of the TiO2 films on the conformation of the MEH-PPV molecules. No statistically 
significant differences were observed between molecules on TiO2 films with varying porosities, ranging 
from films with close-packed hexagonal pores to planar films. The lack of observed differences in the 
polarization anisotropy measurements strongly suggest that the mesostructure of the TiO2 films does not 
appreciably affect polymer conformation. This provides additional evidence that the observed differences 
in blinking behavior are due to electron transfer between the MEH-PPV molecules and TiO2.  
 Though these initial studies demonstrate that electron transfer from individual conjugated 
polymer molecules and semiconductor surfaces results in detectable changes in the molecules’ 
fluorescence intermittency, this carries no inherent utility or insights into the construction of OPV 
devices. Most desirably, there would be some quantity calculable from the single molecule data to 
evaluate how effectively a given molecule would operate in an OPV. In the language of the analysis 
presented, ideal molecules would display large mon values and small moff values (i.e., the duration of “off” 
states in which the molecule’s fluorescence is quenched are much longer than the “on” states). An 
idealized molecule would funnel excitons very efficiently to the TiO2 surface where they would be 
instantaneously dissociated with no possibility of recombination. The overall efficiency of this process 
will depend on several molecular parameters, including the position of the lowest energy chromophore 
with respect to the acceptor surface, the energy alignment between this chromophore the density of states 
of the acceptor, the stability of RET pathways within the molecule, etc.  
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 The type of single molecule studies presented here have the potential to be applied to 
systematically study the effects of varying these parameters on forward/back electron transfer at the 
donor-acceptor interface. Several experiments can be carried out to evaluate the effects of different steps 
in device construction. Polymer conformation could be controlled via the spin coating solvent and/or 
annealing temperature. The minimum chromophore-acceptor distance could be altered by functionalizing 
the acceptor surface with a “molecular spacer.” Such experiments hold the potential to produce useful 
insights into the construction of better OPV devices.  
7. Electrogenerated chemiluminescence (ECL) spectroelectrochemistry of single Au nanoparticles for 
rapid determination of local electrocatalytic events.  

(Note: the following results are to be submitted soon. Full description of this work is included in this 
final report) 

 We developed a spectroelectrochemistry method for rapid determination of both nanoparticle (NP) size 
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Figure 30. Current (red) and ECL (black) responses to electrode potential at bare ITO (A) and Au disc (B) electrodes in an ECL 
solution contains 0.1 M TrPA, 5 mM Ru(bpy)3Cl2 and 0.1 M PBS buffer at a pH of 7.4. Potential scan rate: 100 mV/sec. ECL 
was collected by a photomultiplier tube (PMT). 
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Figure 31.  (A) The anodic current response of an Au NP modified ITO electrode to substrate potential linearly scanned in 
the indicated direction at 100 mV/sec, and corresponding 3D images (10 µm × 10 µm) of collected ECL from single Au 
NPs from selected region of the inset full ECL image (50 µm × 50 µm). Typical SEM image of electrodeposited Au NPs is 
shown in inset image above full ECL image. (B) ECL and current responses to electrode potential at an ITO electrode 
coated with Au NPs with average particle size of 29 nm; Spatial distribution of ECL at the ITO electrode was collected 
using an EM-CCD camera and analyzed to compare ECL response of one single Au NP, bare ITO surface, and average 
signal of 50 Au NPs.  
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and local ECL signal from single Au NPs electrodeposited on an ITO substrate. Correlation of particle 
size and ECL intensity for each individual Au NPs is obtained with the assistant of Au catalyzed ECL, 
dark field scattering, and aluminum (Al) indexing methods. In contrast to dark field light scattering 
spectroelectrochemistry technique, which would support rapid size determination of plasmonic active NPs 
and tracking redox activities of single metallic NP, the present ECL experiment provides a more efficient 
method for detecting catalyzed redox reactions on Au NPs. 

A three electrode system was used to electrodeposit Au NPs on ITO glass and ECL generation was 
carried out in the same cell with a different solution. ECL was detected by an Electron Multiplying 
Charge-Coupled Device (EM-CCD) camera and analyzed using custom MATLAB programs as described 
in our previous publications. Brief ECL mechanism for Ru(bpy)3

2+ and TrPA is described here. Both 
Ru(bpy)3

2+ and TrPA are subject to be oxidized to produce Ru(bpy)3
3+ and TrPA radicals, respectively, and 

these two energetic redox species will react to produce excited state of Ru(bpy)3
2+ then emit light. 

Oxidation of TrPA is kinetically favorable at Au electrode than ITO electrode. As shown in Figure 1A, no 
appreciable ECL signal is detected at bare ITO electrode at a potential as low as 1.50 V (vs. SHE) unless 
the potential is scanned to 1.70 V vs. SHE. In contrast, efficient ECL can be produced at an Au electrode 
as shown in Figure 1B at a potential near 1.50 V (vs. SHE). Similar catalytic activity has also been 
observed on Au particles at TiO2 substrate, CdS thin films and glassy carbon electrode. To obtain single 
NP detection sensitivity with ECL method, Au NPs were electrodeposited on an ITO electrode. The 
presence of Au NPs would enhance the oxidation of TrPA as suggested by the results of Figure 30 thus 
catalyze the ECL reaction for single particle imaging studies. Such metallic NP catalyzed ECL reactions 
have been reported before. For instance, platinum NPs as well as palladium NPs can catalyze the 
formation of excited state N-methylacridone that emits ECL.  

Figure 31A shows current and selected ECL images of single Au NPs electrodeposited on ITO surface 
as we scanned the electrode potential. No pronounced redox features were observed at ITO after being 
coated with Au NPs because its current was dominated by ITO background charging current at low 
potential region and its sluggish redox reaction current at higher potential region. Individual Au NPs 
clearly produce ECL signals and the spatial distribution and intensity were found to be dependent on the 
location and sizes of Au NPs. The lower right insert of Figure 31A shows the full ECL image of Au NPs 
with lower resolution than the ones shown along the current curve. It should be noted that the ITO 
substrate can also generate ECL at high over potentials but the kinetics of the ECL reaction is very 
sluggish and would not generate appreciable ECL at 1.50 V (vs. SHE). After analyzing the ECL images 
carefully, we plot the overall current and ECL signals from single and averaged Au NPs in Figure 2B to 
compare with ITO electrode. Clearly ECL generated by Au NPs is much stronger than that generated by 
the ITO substrate (green curve in Figure 31B).  
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Figure 32. Particle size and electrode potential dependences of ECL of single Au NPs. ECL traces from 61 individual Au NPs 
are extracted from ECL image and plotted with their particle sizes size measured using SEM with the assistant of an indexed 
ITO electrode. Electrode potential was scanned 0.36 to 1.56 V (vs. SHE) and then reversed back to 0.36 V at a scan rate of 100 
mV/sec (as indicated by yellow arrows). SEM images of three Au NPs are selected and overlapped with their ECL images in 
semi-transparent green color are shown on the left panel. The ECL image indicates the summed ECL of all electrode potential. 
The inset figure on the upper right panel is the statistical distribution of turn-on potentials of ECL from single Au NPs.  
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To further understand the structure-function relationship of single Au NP ECL, ECL signals of 
individual Au NPs were extracted using our custom MATLAB programs to examine their dependences on 
electrode potential and particle size with the assistance of Al indexed ITO glass. The Al indexed ITO 

allowed us to perform ECL and SEM studies for Au NPs in the same area. With this capability, both SEM 
and ECL images were obtained and overlaid to determine the relationship between ECL and Au NP 
morphology at various electrode potentials. As shown in Figure 32, ECL responses of 61 Au NPs show 
strong particle size dependence as electrode substrate potential was scanned from 0.36 V up to 1.56 V and 
then reversed back to 0.36 V (vs. SHE) at a scan rate of 100 mV/sec. Clearly it shows a trend of increase 
in ECL intensity as the particle size increases. It should also be noted that NPs can give very different 
ECL intensity even they have similar size. This heterogeneity is due to shape and local conductivity 
variation as revealed by our dark field spectroelectrochemistry studies.18 Three insert images on left panel 
are SEM overlaid with summed ECL from the entire potential range. The offset of the SEM and ECL 
images is expected simply because of the optical diffraction limit of ECL imaging and also the fact that 
we summed all ECL frames from the entire scanned potentials and projected them onto a two dimensional 
image while ignoring the detailed blinking events. Heterogeneity of the ECL signal on single NPs is also 
reflected in turn-on potentials as shown by the inset of Figure 32. An average turn-on potential of 1.39 V 
vs. SHE is obtained and the wide distribution is attributed to heterogeneities in Au NP shape, local 
conductivity variation of ITO electrode, and its contact with Au NPs.  

Another interesting phenomenon shown in the ECL responses to electrode potential at Au NPs is that 
the ECL signal generated at individual NPs displays “blinking” (intermittent, on/off type behavior) if the 
gold particles are smaller than 100 nm. ECL signal of Au NPs larger than 100 nm also shows significant 
variation over the scanning potential as shown in Figure 32. To our knowledge, this is the first report of 
such ECL blinking phenomenon and further investigation is needed in order to fully understand its 
mechanism. A possible explanation is that Au NP surface has only a few active sites which can efficiently 
catalyze the ECL reactions at the studied overpotential. Each active site goes through a “deactivation” 
process while catalyzing ECL reactions. For instance, some species could occupy the catalytic site for a 
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Figure 33. (A) Simulated ECL intensity versus Au NP diameter along with the steady state current at 1.56 V vs. SHE in 10 
mM Ru(bpy)3

2+ of 0.1 M TrPA buffered with PBS buffer with pH=7.5. (B) Measured ECL intensity versus particle diameter of 
each single Au NP. Data points of various colors are Au NP diameters measured by either dark field scattering or SEM. They 
are plotted in different colors because they are measured in different samples. Connected solid squares in black are the average 
ECL intensity of particles with indicated average Au NP sizes.  
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long period of time, or the low coordination site may reversibly complex with amine species. Lack of 
enough active sites on small Au nanoparticles results in intermittency. Another possible explanation is 
that small Au NPs can be easily affected by ECL light around them and their change transfer ability is 

weaken, which leads to decreased ECL intensity. Then, the Au NPs can restore the change transfer ability 
and be observed to blink. The absorption peak of Au NPs smaller than 100 nm is between 500 and 600 
nm, which largely overlaps with the ECL spectrum peak of Ru(bpy)3

2+ at around 610 nm. This means that 
it’s possible for Au NPs to absorb ECL light. It is also possible that charge transfer from ITO substrate to 
electrolyte in solution through Au NPs become discontinuous due to quantum size effect when particles 
are small enough.  
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Figure 34. (A) 13 data points are selected (red squares) across the ECL image of a single Au NP (with a diameter of 80 nm) 
and numbered as 1 to 13 from left to right. Each data point represents a pixel of our EM-CCD camera with imaging size of 
156.25 nm per pixel. (B) ECL intensity profile at 1.50 V vs. SHE is plotted against its position indicated in panel A. The 
experiment ECL intensity curve is fitted with Gaussian function (red curve) with its FWHM calculated and shown in panel 
D. (C) A 3D image of ECL intensity profile from panel B as the function of electrode potential canned from 1.01 V to 1.56 
V and reversed to 0.97 V vs. SHE at scan rate of 100 mV/s. (D) FWHM values (in nm, blue curve) of ECL profile and ECL 
intensity (black) at different potentials  scanned in the same rate and direction as panel C.  
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We hypothesize that the total ECL intensity from single Au NPs will linearly increase with the particle 
diameter if the diameter of the particle is less than 1 µm. This is shown by our predicted trend in Figure 
33A obtained by using finite difference methods with three charge transfer reactions, and nine other 
homogenous chemical reactions as discussed by Wightman and coworkers in their report. In this 
simulation, all redox and intermediates are assumed to have no absorption onto Au NPs, and the mass 
transfer coefficient remain the same as the one in bulk solution near the nanostructure electrode, and mass 
transfer and kinetics are similar to that for a bulk electrode. The ECL intensity simulation result generally 
agrees with experimental data: correlation of ECL peak intensity and corresponding particle size of more 
than a hundred Au NPs with particle size from 30 to 400 nm electrodeposited at different conditions are 
shown in Figure 33B. ECL intensities of single Au NPs were correlated directly with particle sizes as 
measured either by SEM directly or dark field scattering (DFS) method as we shown previously. DFS can 
be used to determine the size of an Au NP more rapidly with the assistant of SEM, thus it has been proved 
to be more effective to provide an effective means to measure Au NP sizes and compare directly their 
ECL. This instrument capability allowed us to obtain both particle size and ECL intensity of more than 
100 Au NPs as shown in Figure 33.  

The large spread in ECL intensity is mainly due to the heterogeneities in particle size, shape, and local 
contact resistance to ITO as well as variation in local conductivity of ITO. The calculated ECL and 
current increase as a function of diameter is slower for particles >1 µm (Figure 33A) due to the increase 
of the diffusion layer thickness and differences in the concentration profiles as well as the short lifetime of 
radical ions near the large electrode. We also predict the cyclic voltammetry (CV) and ECL response, and 
the corresponding concentration profiles of all intermediates involved in the ECL generation at a 60 nm 
Au NPs. The ECL images generated at Au NPs as big as 1 μm can block the central area of the ECL in our 
inverted ECL collection configuration to give a ring-like ECL pattern.   

Figure 34 shows that ECL spot size dependence of a selected Au NP (80 nm) on electrode potential. 
Typical ECL frame of the selected Au NP is shown in Figure 34A with its measured and fitted ECL cross-
sections shown in Figure 5B.  Potential dependence of the measured ECL cross-section is shown in Figure 
34C. The ECL intensity curve across highlighted in Figure 34A is fitted with a Gaussian function and its 
full wave at half maximum (FWHM) is calculated from the fitted curve to represent the size of the ECL 
spot (Figure 34B). Then FWHM values calculated from selected frames of the ECL image are plotted vs. 
potential in Figure 34D, which shows the FWHM start increasing from the optical diffraction limited spot 
size of 300 nm and expands with the increase of ECL intensity when the potential is scanned up to 1.56 V 
vs. SHE. Then, FWHM remains relatively stable than ECL intensity near around 600 nm accompanied 
with a sharp distribution of 800 nm FWHM until ECL becomes too weak at a lower potential level, 
indicating the ECL is a mass transfer controlled light emitting process with its light emitting species 
diffused as far as 800 nm region from the center of Au NPs. This is consistent with our calculated results 
of ECL profile for a 60 nm Au NP.       

In addition to investigating the size dependence of the local ECL activities of electrodeposited Au NPs, 
our preliminary study shows that we are able to image pre-prepared single Au nanowires (Au NWs) and 
NPs using ECL. Our results also show that for Au NPs prepared using wet chemistry which have a 
narrower size distribution than electrodeposited particles, their ECL intensity distribution is much 
narrower.  

To conclude, ECL generated at single Au NPs was observed and correlated with particle size and 
electrode potential. Simulations show that the ECL intensity should linearly increase with particle size if 
the diameter of the particle is less than 1 µm, which agrees with the experimental data quantitatively. This 
shows that this ECL system has promising potential to be used in rapidly measuring the size of individual 
NPs and studying electrocatalyzed local redox events essential for ultrasensitive electrochemical sensing, 
energy conversion and catalysts.  

 
8. Interfacial Charge Transfer Events of BODIPY Dye Molecules: Single Molecule 
Spectroelectrochemistry and Substrate Effects 
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We present single molecule fluorescence and spectroelectrochemistry characteristics of 4, 4′-difluoro-4-
bora-3a, 4a-diaza-s-indacene) BODIPY dye bearing two carboxylic acid groups at its 2 and 6 positions. 
Our study shows a heterogeneous half redox potential distribution of 1.78 (+/-0.19) V vs. NHE for the 
BODIPY molecules embedded in polystyrene film due to the heterogeneity in their charge transfer rates. 

Single molecules adsorbed and self-assembled onto a TiO2 surface with ordered nanostructures show the 
shortest ON duration time due to the efficient interfacial charge transfer events in comparison to bare glass 
and indium-tin oxide (ITO) surfaces. Single molecule stability tests show longer ON duration time and 
stable fluorescence feature when dispersed in polystyrene thin film than molecules exposed to air. Shorter 
ON times are observed for molecules coated onto ITO in comparison to glass substrate. Such fluorescence 
decrease in their stability or intensity is explained by charge transfer activity from the dye molecule to 
metal oxide surface. Electron transfer rate and back transfer rate are calculated by a well-established 
model.  

 

Figure 35. (A) Absorption and fluorescence spectra of the BODIPY dye and its molecular structure;  (B) A typical 
single molecule BODIPY fluorescence image obtained on glass substrate; and (C) a zoom-in image of (B).  
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BODIPY dyes are of great interests for dye sensitized solar cells and can be used as molecule probe for 
sensing molecular recognition events because of their high extinction coefficients (> 80,000 cm-1M-1) and 
resistance to photobleaching. Yet their single molecule activities and redox activities at a bonded metal 
oxide and in an electrochemical cell are not tested at single molecule level. Recently, we studied the 
photoelectrochemical characteristics and interfacial charge transfer dynamics of two (4, 4′-difluoro-4-bora-
3a, 4a-diaza-s-indacene) BODIPY dyes attached to nanostructured TiO2 electrodes. Herein, we present 
single molecule fluorescence and spectroelectrochemistry studies of one of the BODIPY dyes bearing two 
carboxylic acid groups at its 2 and 6 positions on various substrates, including an ordered TiO2 
nanostructured surface onto which this dye can be covalently bonded. Their blinking dynamics on various 
surfaces in air and coated with polystyrene are studied, spectroelectrochemistry of this molecule is tested at 
single molecule level in a real electrochemical cell to illustrate their redox reaction characteristics.  

 
8.1 Single molecule spectroelectrochemistry of BODIPY molecules  
Figure 35A illustrates the absorption and fluorescence spectra of the BODIPY dye whose molecular 

structure is depicted as inset of the figure. This dye shows absorption maxima at 500 nm and fluorescence 
spectrum peaks at 580 nm. This typical BODIPY dye shows low fluorescence quantum yields of 28.1 % 
due to efficient photo-induced hole transfer from the excited BODIPY core to the electron-rich phenyl 
group at the meso position. The two carboxylic acid groups are designed for covalent attachment of the 
BODIPY onto a TiO2 surfaces for characterizing the direct charge inject effect on single molecule 
blinking activities. Figure 35B shows a typical single molecule fluorescence image obtained for this 
BODIPY dye on glass substrate when 1 nM BODIPY molecule was spin-casted from chloroform solution 
containing 0.01% w/w polystyrene. Polystyrene is presumably to function as inert matrix to help maintain 
the stability of the single BODIPY molecules. Figure 35C shows a zoom-in image of one selected 
molecule from Figure 35B. It clearly shows good fluorescence contrast to the background signal. This 
high signal to noise contract would allow us to obtain the temporal response of single molecule with high 
accuracy. However, background subtraction was done using a custom MATLAB programs developed in 
our group to obtain images of single molecules coated onto metal oxide surfaces, such as ITO and TiO2 
due to their intrinsic fluorescence from defect emission.  

 

Figure 36.  (A) Schematic of SMS‐EC setup; (B) cyclic voltammogram of 1 nM BODIPY casted along with polystyrene 
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To demonstrate redox characteristics of single BODIPY molecules and their difference from bulk 
counterparts, we used SMS-EC methods to study redox activity of single BODIPY molecules to compare 
with fluorescence stability at open circuit voltage (OCP). Figure 36A shows the schematic of single 
molecule spectroelectrochemistry. Florescence signals are collected using an EM-CCD camera, while a 
transparent electrode ITO is used as a working electrode along with a silver quasi-reference and Pt 
counter electrode arranged in a home-built electrochemical cell. Single molecules are spin-casted from 
polystyrene solution. The electrochemical cell contains acetonitrile and electrolytes to provide conductive 
media so that we can control and measure the redox reaction taking places at the working electrode using 
a potentiostat. Figure 36B shows the cyclic voltammogram (CV) of 1 nM BODIPY spin-casted along 
with polystyrene onto an ITO electrode in comparison to the CV of a dry-coated concentrated BODIPY 
sample. The bulk sample shows pronounced faradaic current due to the oxidation of this molecule while 
the single molecule sample shows only double layer charging current. Spectoelectrochemistry of the bulk 

sample with high concentration of dye is shown in Figure 3A. It clearly shows that the PL of BODIPY 
dyes decreases upon the oxidation of the molecules and the total intensity decreases over the time when 
the electrode potential was cycled several times due to the irreversible electrochemical oxidation and 
photobleaching over the time. In comparison to bulk sample, single molecule PL signal only shows 
dramatic decrease with broad half potential E1/2 distribution shown in Figure 3B. E1/2 is defined by 
potential where the PL of single molecule decreases half of the initial intensity as shown by the selected 
PL traces in Figure 37C. There is around 50% of PL curves show instant decrease when applied with high 
potential, indicating the electron transfer to single BODIPY molecule (Figure 37C); others show slow 
fluorescence decrease upon applied electrode potential because of the presence of agglomerated BODIPY 

 

Figure 37.  Spectoelectrochemistry of  the bulk sample of BODIPY dye  (A), histogram of measured single molecule 
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molecules in the polymer matrix. Negative potential scan does not reverse the PL intensity because of the 
irreversible electrochemical reaction as clearly shown in the CV in Figure 36B. We then analyzed the PL 
responses of around a hundred single molecules and the measured average half oxidation potentials 
corresponding to 50% decrease in their PL intensity is around 1.78 (+/-0.19) V (vs. NHE). The 
heterogeneity in their half oxidation potential has to do with the heterogeneity in their charge transfer 
rates yielded by the heterogeneity in their spatial distribution inside the polymer layer. Measured redox 
potential of BODIPY dye in acetonitrile solution of 0.1 M TBAPF6 is around 0.9 V, which is much less 
than above single molecule redox potential. This is because the polymer matrix can also increase the 
redox over potential due to their poor conductivity.  
8.2 Single molecule fluorescence characteristics of BODIPY molecules and substrate effects   

In order to understand redox activities and their stability of BODIPY molecules without using 
polymer matrix and electrolyte, single molecule fluorescence of BODIPY on different substrates (glass, 
ITO glass and ordered TiO2) in air were studied at open circuit potential (OCP) and compared with 
molecules embedded in polystyrene. We also investigated whether molecules chemically bonded to TiO2 
would cause difference in their blinking dynamics in order to reveal the mechanism of charge transfer 
between substrates and BODIPY single molecules. As shown in Figure 38A and B, a typical single 

molecule on glass substrate show ON and OFF fluorescence blinking behaviour. Such single molecule 
blinking shows the duration distributions of the ON and OFF states, respectively. The duration of OFF 
states spans ranges from a few milliseconds to seconds, while the one of ON states is shorter than 50 
milliseconds. The duration distributions of both ON and OFF states show no-Poisson behaviours because 
they show second-order exponential decay processes as shown in Figure 4C. All parameters obtained by 
second-order exponential data fitting are listed in Table 5. This phenomenon is similar to dynamic 
disorder fluctuation behavior of single molecule interfacial charge transfer activities.  

To analyze such dynamic disordered blinking behavior, we constructed probability density 
distribution, P(t)=Occurrence(t)/Δt, for both ON and OFF states as shown in Figure 4D. The calculated 
probability density distributions P(t) show typical power-law behaviour, which can be described by a 
linear function of t-m, m is a constant. We calculated the value of m by constructing a liner fitting of the 
log-log plot of P(t) and t-m for both On and OFF states, and listed m values in Table 5. The power 
exponent m for BODIPY spin-casted on glass is found to be 2.64 for ON states, and 2.42 for the OFF 
state as shown in Figure 38D.   

Direct charge transfer from photoexcited dye molecules to TiO2 is of great interests to alternative 
energy conversion systems such as solar cells. To study single BODIPY molecules blinking dynamics and 

 

Figure 38. (A) Photoluminescence intensity curve vs. time showing the blinking behavior; (B) a zoom-in of (A); (C) the 
statistical distribution of occurrence of blinking and its corresponding time duration and fitting curves (red curves); and (D) 
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statistical analysis on their ON and OFF states on electron accepting semiconductor material TiO2 as 

Table 6. Fluorescence kinetic parameters of BODIPY molecules on various substrates. 

Substrate τon (s) τoff 
(s)

PL lifetime 
(ns)

kfluor (s
-1) ket (s

-1) kbet (s
-1) ket/kbet 

A 18 27.21 2.07 4.83E+09 984.33 3.68E-02 2.68E+04 

C 20.06 21.88 1.60 6.25E+09 1142.70 4.57E-02 2.50E+04 

D 16.23 26.65 1.44 6.94E+09 1569.29 3.75E-02 4.18E+04 

F 24.4 13.41 1.44 6.94E+09 1043.84 7.46E-02 1.40E+04 

G 15.88 38.16 2.21 4.52E+09 1045.06 2.62E-02 3.99E+04 

I 25.96 20.3 1.58 6.33E+09 894.18 4.93E-02 1.82E+04 

J 9.94 17.66 1.89 5.29E+09 1952.25 5.66E-02 3.45E+04 

L 25.85 22.09 1.58 6.32E+09 896.05 4.53E-02 1.98E+04 

Substrate labels A‐L represent the same substrates as the ones in Table 5. 

 

 

Figure 39. (A) SEM image of TiO2 with ordered nanostructure; (B) statistical distribution of occurrence of blinking and its 
corresponding time duration and fitting curves (red curves) of self-assembled BODIPY molecules on ordered TiO2 in air; 
and (C) log-log plot of P(t) and t-m and fitting curves (red curves).  
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shown in Figure 39A. The TiO2 substrate contains ordered nanopores with diameter of 10 nm that would 
presumably support high surface area for light absorption, efficient exciton diffusion and interfacial 
charge transfer for dye sensitized energy conversion system. Single molecule imaging in an inverted 
configuration is enabled because of the high optical transparency of the TiO2 substrate. The duration 
distributions of both ON and OFF states for self-assembled BODIPY molecules show 2nd order 
exponential decay processes as shown in Figure 39B with shorter average ON duration time in 
comparison to bare glass substrate. Probability density distribution analysis shows m value is 3.11 for ON 
state, and 2.67 for OFF state, indicating faster blinking activity on TiO2 than on glass. We attribute this 
enhanced blinking behavior to photo-induced charge transfer and back transfer that takes place when the 
dye is placed on the surface of a metal oxide semiconductor surface. 

Blinking dynamics and occurrence population for ON and OFF states from several other control 
experiment results are further analyzed to show the stability and charge transfer dynamics of the BODIPY 
molecules. These control experiments include single BODIPY molecules casted along with polystyrene 
onto glass, ITO and TiO2 surface in comparison with the results obtained in the absence of polystyrene. 
All occurrence data are fitted using a 2nd order exponential function A1exp(-t/t1)+A2exp(-t/t2) process and 
obtained amplitudes and time constants are compared in the Table 5. Our data clearly shows that all 
molecules casted from polystyrene show longer ON time constants (t1 value) and smaller m values than 
the ones without being embedded in the polymer matrix on matter what substrate being used for the 
measurements. This has to do with the improved photostability enabled by polystyrene matrix preventing 
photo-oxidation of BODIPY molecules by eliminating the abundant oxygen in atmosphere. Relatively 
longer distance from BODIPY single molecule to substrate surface is also ensured in the presence of 
polystyrene, to prevent interfacial charge transfer from single molecules to substrate. We also preformed 
fluorescence measurement of single BODIPY molecule in N2. As shown in Table 5, in N2 atmosphere, 
samples all show longer ON time constant than that in air, indicating N2 can improve the photostability of 
BODIPY spin-casted on substrate. Our data also shows that, for spin-casted BODIPY samples without 
polystyrene, the ON time constant of ordered TiO2 surface (15.88) is the smallest followed by ITO and 
glass, which is due to that ordered TiO2 and ITO both have more favourable energy levels enabling fast 

Table 5. Single molecule blinking dynamics and statistical analysis for BODIPY molecules on various substrates.  

Substrate  ON  OFF  Lifetime

mon  A1  t1  A2  t2  moff  A1  t1  A2  t2  (ns) 

A  2.64  4.17  18.00  0.35  119.20  2.42  2.78  27.21  0.14  260.42  2.07

B  2.26  3.79  20.85  0.18  231.78  2.52  4.33  18.85  0.21  185.79  ‐ 

C  2.47  3.45  20.06  0.30  141.40  2.62  3.34  21.88  0.21  136.83  1.60 

D  2.84  4.01  16.23  0.56  80.20  2.87  2.65  26.65  0.19  137.62  1.44 

E  2.74  2.35  29.76  0.20  169.28  2.44  1.91  36.54  0.20  131.10  ‐ 

F  2.78  2.58  24.40  0.34  104.69  3.00  5.37  13.41  0.68  69.05  1.44 

G  2.75  4.78  15.88  0.41  91.36  2.73  1.98  38.16  0.12  230.88  2.21 

H  2.85  4.75  17.68  0.20  97.11  2.22  12.84  10.05  0.47  127.93  ‐ 

I  1.80  2.70  25.96  0.20  140.17  2.42  3.32  20.30  0.32  134.63  1.58 

J  3.11  4.95  9.94  0.64  38.42  2.67  2.21  17.66  0.40  82.75   1.89 

K  2.68  4.49  18.71  0.14  122.21  2.78  10.65  9.54  0.54  115.98  ‐ 

L  2.65  2.74  25.85  0.22  151.40  2.96  3.62  22.09  0.15  130.39  1.5834

* Data fitting was done using a formula with 2nd order exponential decays: A1exp(‐t/t1) + A2exp(‐t/t2).  

A) glass in air; B) glass in N2; C) glass, coated with polystyrene; D) ITO in air; E) ITO in N2; F) ITO, coated with polystyrene; 

G)  TiO2  spin‐casted  BODIPY,  in  air;  H)  TiO2  spin‐casted  BODIPY,  in  N2;  I)  TiO2  spin‐casted  BODIPY,  coated  with 

polystyrene; J) TiO2, self‐assembled BODIPY, in air; K) TiO2, self‐assembled BODIPY, in N2; L) TiO2, self‐assembled BODIPY, 

coated with thick polystyrene.  
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charge transfer rate for BODIPY molecules than glass. The ON time constant at the ITO electrode is 
longer than bare glass in the presence of polystyrene. This is presumably due to the rough surface of our 
ITO electrode that would form more polystyrene loading than bare glass substrate to allow better 
substrate coating and improve molecule stability. The same reasoning can be used to explain the fact that 
ON time constant at the TiO2 electrode with spin-casted BODIPY is also longer than glass in the presence 
of polystyrene. Our experiment also show weak background fluorescence from such TiO2 films due to 
their defect emission that challenges the single molecule observation. Appropriate background subtraction 
is needed to extract useful information of single molecule on this substrate. We finally compare the 
occurrence dynamics for ON and OFF state of molecules spin-casted on TiO2 surface with the ones self-
assembled on TiO2 via their carboxylic acid groups. The self-assembled molecules clearly show the 
lowest ON time constant (9.94) due to more efficient charge transfer rate when the molecules are 
approximated to the semiconductor surface. The calculated probability density distributions P(t) of all 
above substrates and sample preparation conditions show typical power-law behaviour that can be 
described as a liner function of t-m, and the constant m for all samples are listed in Table 5 for both On 
and OFF states to be compared. It clearly shows that self-assembled BODIPY molecules on the ordered 
TiO2 surface as the largest m followed by bare ITO and then glass in air.  
8.3 BODIPY fluorescence lifetime and charge transfer kinetic parameters obtained from single molecule 
spectroscopy   

We also measured the fluorescence lifetime of BODIPY dye thin film sample at the various substrate, 
and the measured lifetime for each of the substrates are listed in Table 5. The averaged fluorescence 
lifetime of all cases is around 1.7 (+/- 0.3) ns and the ground state recovering rate of 8.3 (+/-0.8) ps was 
obtained by our previous transient absorption spectroscopy study of BODIPY film on TiO2. With the 
fluorescence lifetime data, we can calculate the interfacial electron transfer rate (ket) from BODIPY to 
substrates and the back electron transfer rate (kbet) with a well-established model. Following equations are 
used:  

 

 

  

 

Where τon and τoff are the time constants of ON and OFF distributions, respectively, obtained from Table 
5. τfluor is the fluorescence lifetime. kisc and kic are the rate constants of intersystem crossing to the triplet 
state and other nonradiative decay, respectively. The estimated photon absorption rate of single BODIPY 
molecules kexc is 6.98 × 105 s-1 with the estimated light absorption cross section of 10-15 cm2. We used 
fluorescence lifetime of ensemble samples to estimate other kinetics parameters in equation 1-4.  This is 
because of the low fluorescence quantum yield of BODIPY, preventing us from measuring single 
molecule lifetime with our limited instrument capability. Calculated results of ket and kbet are collected in 
Table 6. The highest ket value is observed for self-assembled BODIPY on TiO2 without polystyrene 
(sample J), indicating very efficient charge transfer from BODIPY to TiO2 because of their intimate 
contact with each other. For samples on ITO and TiO2 coated with polystyrene, a smaller ket than samples 
without polystyrene was obtained, indicating the impediment of polystyrene to the electron transfer from 
BODIPY to ITO or TiO2. However, the same impediment is not observed for electron back transfer by 
analysing kbet values. On the other hand, samples with polystyrene give smaller ket/kbet than samples 
coated with polystyrene; ket/kbet of glass substrate is smaller than ITO and TiO2, which agrees with our 
previous conclusion that the enhanced blinking behaviour is due to photo-induced charge transfer and 
back transfer between BODIPY and substrate.  
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8.4 Conclusions 
BODIPY dye bearing two carboxylic acid groups at its 2 and 6 positions shows excellent single 

molecule PL stability in polymer matrix and allows us to study its spectroelectrochemistry at single 
molecules level in inert polymer matrix. Our study shows a heterogeneous half redox potential 
distribution of 1.78(+/-0.19) V vs. NHE for single molecules embedded in polystyrene film due to the 
heterogeneity in their charge transfer rates. Redox events and photostability of single BODIPY molecules 
are investigated at open circuit potential. Molecules self-assembled onto a TiO2 surface have the shortest 
ON time duration constant and highest interfacial electron charge transfer rate. Polystyrene helps reserve 
the stability of the individual molecules. Single molecule fluorescence decreases in their stability and 
intensity upon charge transfer activity and/or exposure to air.  
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Abstract 

The spectroelectrochemical properties of individual luminescent, plasmonic silver 

nanoparticles (Ag NPs) are investigated using the combined methods of dark field scattering 

(DFS) and photoluminescence (PL) spectroelectrochemistry. Individual NP light scattering 

and PL intensities are measured while the substrate’s electrochemical potential is controlled to 

oxidize the NPs. The spectroelectrochemical responses of individual NPs are used to study 

heterogeneities not visible in bulk voltammetric measurements. Our studies show that the Ag 

NPs exhibit a range of redox potentials and their statistical distribution is dependent on the 

electrolyte system used. No variations in the spectral profile of bulk NP samples are observed, 

implying no correlation between the redox potentials of individual NPs and the energy of 

emitted photons from fluorescent sites on Ag NPs. This is due to a negligible difference in the 

redox potentials for individual emissive sites on a given Ag NP and/or the shrinking of the 

polarizable bulk of the Ag NP.   

1. Introduction 

Metallic nanoparticles (NPs) have emerged as a class of materials that have unique optical, 

electrical, catalytic, and mechanical properties. Due to the inherent heterogeneity in materials 

synthesized in this size regime, analytical methods capable of detecting individual 
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nanostructures are extremely valuable to provide insight into understanding their structure-

function relationships. Few electrochemical methods thus far have been reported capable of 

analyzing single NPs. Single NPs have been detected via a current amplification scheme 

because of their catalytic capabilities as they collide at a microelectrode.1 More recently, 

heterogeneities in the catalytic activity of single metal NPs 2 , 3 , 4  and the charge transfer 

performance of individual conjugated polymer molecules/NPs5 have been studied using single 

molecule spectroelectrochemical (SMS-EC) methods.6 Gold (Au) and silver (Ag) NPs are 

generally considered free-electron conductors due to their extremely large density of states. 

Their redox potentials have recently been shown to be size dependent using a dynamic 

potential control method.7,8,9,10 Under visible light excitation, Au and Ag NPs exhibit strong 

light scattering and absorption because of their surface plasmon resonance properties, 

enabling large enhancements of optical spectroscopic signals (such as Raman scattering11,12 

and PL13,14 ,15 ,16), that can be used in trace analysis, high-resolution spatial and spectral 

imaging,17,18 and, more recently, in solar cells and photoelectrochemical systems.19,20,21 Ag 

nanostructures prepared by photoactivation processes 22,23,24,25 have been found to exhibit 

strong PL, which is highly dependent on the surrounding chemical environment.26,27,28,29,30 

These characteristics provide the opportunity to investigate the electrochemical characteristics 

of single Ag nanostructures via SMS-EC. Several issues need to be resolved in order to help 

fully understand these luminescent, plasmonic Ag nanostructures. First, it is unclear what the 

redox potentials of these Ag nanostructures are and how their redox activities are dependent 

on the surrounding environment. Further, it is unclear if the PL and light scattering 

characteristics of each individual Ag NP are identical, and how they can be measured for each 

selected silver NP. The spectroelectrochemical studies presented here address these issues. 

We recently demonstrated a dark field scattering (DFS) spectroelectrochemistry technique for 

analyzing the electrochemical formation of individual Ag NPs at the surface of an indium tin 

oxide (ITO) electrode.31 This technique allows for the determination of heterogeneities in 
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redox potentials for Ag+ reduction, and supports rapid particle size determination and the 

reconstruction of voltammetric curves of individual Ag NPs. This technique has yet to be 

applied to observe the subsequent oxidation of Ag particles. Here we present 

spectroelectrochemical studies of electrodeposited and pre-synthesized Ag NPs to help 

establish a firm relationship between their redox activities and PL/DFS signal at the single 

particle level.  

2. Results and Discussion 

2.1. Spectroelectrochemistry of electrodeposited single Ag NPs using DFS and PL methods. 

2.1.1 DFS results. Figure 1 shows schematics of the single Ag NP imaging systems 

employed in these studies. Single Ag NPs can be imaged by their strong light scattering in a 

DFS configuration in Figure 1A, which employs white light illumination through a dark field 

condenser for sample excitation and an objective lens for collection of the scattered light. The 

scattered light intensity is measured using an EM-CCD camera which can collect images with 

a temporal resolution down to a few milliseconds. A similar configuration is used for PL 

imaging by replacing the white light illuminator with a monochromatic laser as the excitation 

source and filtering the collected light to only pass emitted PL to the EM-CCD camera. An 

optically transparent working electrode made of indium-tin-oxide (ITO) is used to support Ag 

NPS for these spectroelectrochemical studies. Detailed imaging and electrochemical 

conditions are described in experimental section.  

As shown in Figure 2A, Ag NPs can be synthesized electrochemically by reducing Ag+ ions 

from an organic solvent (MeCN) containing a strong electrolyte. Ag NP formation and 

oxidation in an electrochemical cell is controlled by a potentiostat while DFS and PL signals 

originating from the ITO substrate are measured. Figure 2B shows a typical DFS image of 

electrodeposited Ag NPs. 
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Typical Cyclic voltammograms (CVs) of Ag+ reduction and Ag NP oxidation are shown in 

Figure 3A. For Ag+ reduction from MeCN, the onset potential is around -0.2 V (vs. SHE) and 

the higher current density in the reversed potential scan at -0.1 V (vs. SHE) indicates Ag 

deposition onto the ITO electrode, which lowers the required overpotential for  further 

reduction of Ag+. A small oxidation peak at 0.2 V is attributed to the oxidation of Ag to Ag2O. 

This oxidation peak is virtually absent in dry MeCN due to the limited availability of water 

molecules which facilitate the formation of Ag2O. The turn-on potential for Ag reduction is 

much more negative than the thermodynamic potential (0.591 V vs. SHE) calculated from 

Nernst equation (EAg+/Ag=0.799V+0.059log10
 [Ag+]). This is because the reduction of Ag+ at the 

ITO electrode is kinetically sluggish.  The observed difference in the reduction turn-on 

potential for regular MeCN and dried MeCN is not clear, but may be due to variations in the 

quality of the ITO substrates employed. DFS images collected during the deposition and 

oxidation processes are shown in Figure 3B. An increase in the number and brightness of 

diffraction limited spots from image 1 to 2 is clearly visible and attributed to the deposition of 

Ag NPs. Most of these Ag NPs continue to scatter light intensely after applying a positive 

potential of 0.38 V or higher, suggesting few Ag NPs will be completely oxidized to form 

silver ions or oxide. Further analysis of the oxidation behavior of Ag NPs is presented in 

Figure 4. 16 individual Ag NP DSF intensity transients are selected as shown in Figure 4 to 

illustrate their DFS responses during Ag+ reduction and Ag oxidation. It clearly shows that all 

DFS transients increase instantaneously near the Ag+ reduction potential of -0.1 V and only a 

small fraction of Ag NPs show decreases in their DFS intensity at the first oxidation potential 

at 0.2 V (vs. SHE). Further decreases in all DFS transients can be observed but there is no 

well-defined potential associated with this process. Our analysis of ~900 Ag NPs indicates 

that only ~30 % of electrodeposited NPs are oxidized on ITO. This apparent resistance to 

oxidation is not caused by the differences in the local conductivity of different sites on the 

ITO surface because of the lack of correlation between the observed deposition and oxidation 
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potentials. A more likely explanation may be differences in the electrical contact between the 

deposited NPs and the ITO surface, which would be expected due to heterogeneities in NP 

size/shape. 

To better illustrate the insights these DFS measurements can provide into the stability of Ag 

NPs, the average DFS response of ~900 Ag NPs and the current signal of the entire substrate 

is given in Figure 5A. Two oxidation regions can be observed: a small peak located at 0.2 V 

vs. SHE (cf. Figure 3A) and another peak at 3.0 V vs. SHE. The second oxidation region 

starts at ~2.0 V vs. SHE. A 10 % decrease in DFS signal coincident with the first oxidation 

peak at 0.2 V clearly demonstrates that the Ag NPs are partially oxidized but not completely 

removed from the ITO surface. DFS intensities decrease gradually as we increase the 

electrode potential up to 4 V but there is no direct correlation found with the measured 

electrode current.  This suggests DFS is incapable of directly measuring silver oxidation in 

this region, and instead it might only probe the change in the double layer charging of the 

electrode and/or other side reactions in this potential region.  

To confirm the presence of Ag NPs and their morphological changes before and after 

oxidation, SEM images were taken of the Ag NPs (Figure 6A and B) after the 

deposition/oxidation process. Different sizes and shapes of Ag NPs are observed due to the 

roughness of ITO surface and the heterogeneities in nucleation and particle growth during 

electrochemical deposition. These heterogeneities in particle size and shape influence the 

observed heterogeneities in reduction and oxidation potentials of single Ag NPs. To estimate 

the Ag NP formation and oxidation potentials from the DFS transients of individual NPs, each 

transient was fitted to 2 sigmoid functions as shown in Figure 7A and the distributions of the 

fitted onset potentials (Eon, defined by extrapolating the slope at the sigmoid half potential to 

the initial intensity value) are given in Figure 7B. The average formation and oxidation 

potentials are comparable with the CV results shown in Figure 3A and Figure 5B. DFS 
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spectroelectrochemistry allows for the accurate analysis of redox properties of individual Ag 

NPs which otherwise are not possible using traditional voltammetric methods. DFS also 

confirms that Ag NPs remain on the ITO surface after partial oxidation around 0.2 V vs. SHE 

in MeCN.  Further increases in electrode potential produce a gradual decrease in DFS signal 

but no complete oxidation of Ag NPs can be obtained. No correlation between the deposition 

and oxidation potentials of Ag NPs was observed based on our analysis as shown in Figure 

7C, indicating that the observed heterogeneities are not likely to be due to local variations in 

substrate conductivity. No correlation between the oxidation potential and scattering intensity, 

which is directly related to NP size, was observed either as shown in Figure 7D, indicating 

that the NP size does not affect stability.  

2.1.2 PL results. PL imaging is used as a complementary technique to DFS for probing the 

formation and oxidation of single Ag NPS in MeCN solution. Similar to the DFS experiments, 

Ag NPS were first deposited from a MeCN solution containing silver acetate and a strong 

electrolyte. The formation and subsequent oxidation of individual Ag NPs was then recorded 

using their PL signals instead of light scattering. Figure 8A shows a typical PL image of 

single Ag NPs electrodeposited onto an ITO surface. Only weak PL signals were obtained for 

such electrodeposited Ag NPs because they are freshly electrodeposited and only minimum 

surface activation steps have taken place, which are necessary for efficient PL emission. 

Figure 8B shows the PL transients of 16 selected Ag NPs when the electrode potential was 

scanned from 0.25 V to -0.25 V to form Ag NPs from MeCN solution, and then an anodic 

sweep was applied to oxidize the Ag NPs. It clearly indicates the presence of single Ag NPs 

upon Ag+ reduction and the PL signal continues rising until the electrode potential becomes 

positive enough to oxidize Ag at 0.2 V (vs. SHE). This PL response is different from the DFS 

signal which remains constant after formation of Ag NPs and then decreases at 0.2 V. The 

absence of constant PL signal after formation of Ag NPs is due to the continual surface 

activation of the Ag NPs, forming more emissive Ag clusters which results in a stronger PL 
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signal. Another prominent feature of the PL transients is blinking effects which are 

superimposed onto the steady state PL. This is attributable to the activation and deactivation 

of PL active Ag clusters on the surface of each Ag NP. Another distinct feature of the PL 

transients in contrast to the DFS observations is that the PL of individual NPs continues to 

decrease after the first oxidation potential of 0.2 V. To illustrate this clearly, an average PL 

transient is plotted along with its DFS transient in Figure 9. When the second oxidation of Ag 

NPs takes place at 1.7 V (vs. SHE) (cf. Figure 5B), the PL signal decreases with increasing 

electrode potential until it is removed completely. The complete removal of PL at higher 

potentials provides evidence for the deep oxidation of Ag NPs to form a thick oxide layer 

which prevents PL emission. This makes the fluorescence based technique complementary, 

since such deep oxidation does not result in a pronounced change in scattering by the NPs. 

Utilizing both techniques, we are therefore able to estimate the redox potential of both 

oxidation peaks for each Ag NPs. It should be noted that not all Ag NPs visible via DFS 

exhibits a detectable PL signal, and not all PL transients show responses to oxidation. As 

shown in Table 1, all samples show a reproducible response to Ag NP formation in MeCN for 

both DFS and PL imaging techniques. Large populations of Ag NPS can be counted using 

DFS with more precise measurements of the formation turn-on potential. Only 30% of the Ag 

NPs exhibit a measurable decrease in scattering intensity in response to the first oxidation 

step. Comparatively fewer Ag NPs can be sampled via PL imaging and two distinct oxidation 

potentials are observed for some samples while others show no distinct difference. This might 

be due to issues with the local contact between the Ag NPs and ITO surface, as no DFS or PL 

responses can be obtained if a Ag NP losses its contact to ITO surface upon oxidation. Such 

poor PL efficiency and low yield of countable PL active Ag NPs limits these 

spectroelectrochemistry studies of single Ag NPs, although they already provide strong 

evidence that PL is a more sensitive technique than DFS for studying the oxidation of single 
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Ag NPs. To overcome this major issue, pre-synthesized strong PL emissive Ag NPs were 

investigated.           

2.2. Pre-synthesized Ag NPs with efficient PL for spectroelectrochemical studies of single 

NPs 

Figure 10A shows a typical transmission electron microscopy (TEM) image of Ag NPs 

synthesized using a thermal reduction method in a solid glycine matrix. Detailed synthesis 

procedures are described in the experimental section. Their size distribution is shown in 

Figure 10B and exhibits an average core diameter of 20.5 ± 2.4 nm. High-resolution TEM 

studies further confirmed that these NPs are highly polycrystalline with grain sizes down to 1 

nm. The UV/Vis absorption and PL spectra are given in Figure 10C. While the peak at 420 

nm in the absorption spectrum is attributed to surface plasmon resonance, strong green PL 

from 500 nm to 750 nm with a maximum at 540 nm was also observed from these 

polycrystalline Ag NPs. Figure 10D shows a typical PL image of these polycrystalline Ag 

NPs which exhibit a much higher PL efficiency than the electrodeposited Ag NPs. Surface 

enhanced Raman scattering of the glycine matrix can be observed in the spectra of the NPs 

drop coated onto Indium Tin Oxide (ITO), which disappears upon the addition of an organic 

electrolyte solution. For single particle PL imaging and spectroelectrochemistry studies, ITO 

substrates coated with these emissive Ag NPs were immersed in 0.1 M LiClO4 in MeCN and 

PL spectra of single Ag NPs were obtained to confirm the monodispersity of the obtained Ag 

NPs.  

Figure 11A shows the total PL intensity and electrode current density as the electrode 

potential was swept from 0 to 4 V at 100 mV/s. Clearly, the single particle PL shows a strong 

dependence on the substrate potential. Figure 11B shows four PL images of emissive Ag NPs  

acquired at four different electrode potentials  as indicated in Figure 11A to illustate the PL 

decrease upon Ag NP oxidaiton. No distinct oxidaition peak was observed in the CV becasue 
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of the low coverage of Ag NPs on ITO surface resulting in the current being dominated by 

background processes. This is different from the experiments on electrodeposited Ag NPs 

where the surface coverage is much higher. PL transients for four individual Ag NPs are 

shown in Figure 11C, showing their respones to oxidation.  

Figure 12B shows the histogram of oxidation onset potentials, Eon, which were defined as 

before, obtained by fitting each PL transient to a combination of two sigmoid functions as 

shown in Figure 12A. The average first and second onset potentials were found to be 0.9 ± 

0.2 and 2.0 ± 0.5 V vs. SHE, respectively, where the errors given are 1 standard deviation. 

Similar experiments were also carried out using an aqueous electrolyte containing 0.1 M 

NaOH. The observed differences from acetonitrile are threefold: the signal to noise ratio is 

smaller in NaOH, the PL has exhbits marked blinking activities in NaOH, and the PL 

“switches off” much more abruptly.  The blinking activity of Ag can be explained by 

photochemical reactions of Ag in aqueous solution containing oxygen. Such photochemical 

reactions can switch the PL on and off and the blinking frequency depends on the excitation 

intensity. The quicker „switching off“ is due to the higher mass transfer rate and solvation of 

Ag+ ions in aqueous solution. In addition, Ag+ ion complexation with hydroxide ions can take 

place immediately in high pH environments when Ag is oxidized. In comparison, Ag NPs are 

much more stable in acetonitrile due to the slow kinetics of silver oxidation in organic 

solvents. In fact, these NPs in acetonitrile maintained ~20% of their PL after 4 oxidation 

cycles as shown in Figure 13A. The distribution of oxidation potentials for Ag NPs in 0.1 M 

NaOH is appreciably narrower than that observed in acetonitrile. Our preliminary studies 

suggests that the observed heterogeneities in oxidation potentials are attributable to the 

variation in size of the Ag NPs. Detailed studies of the effect of size and other parameters, 

such as surface modification and the electrode material are needed for a complete 

understanding of the electrochemical behavior of the Ag NPs. 
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The spectral evolution during the course of oxidation was also investigated. When no 

potential was applied (not shown), only a small decrease in PL intensity was observed. Figure 

13B summarizes the effect of varying the substrate potential in terms of the peak wavelength 

and integrated spectral intensity. Figure 13C shows the spectral changes during the course of 

a substrate potential sweep. Dramatic decreases in intensity occur near the second half 

potential of the silver oxidation process established previously, though no spectral shift is 

apparent. The lack of spectral shifts suggests that there is no correlation between the redox 

potential of these NPs and the energy of emitted photons. If one assumes there is a static 

population of emissive species on a silver NP throughout the experiment, two possibilities 

logically follow: (1) there is a negligible difference in the E1/2 values for individual emissive 

sites on a given NP or (2) the observed decrease in luminescence is due not to the direct 

oxidation of these individual fluorescent species, but instead to the shrinking of the 

polarizable bulk of the Ag NP which sustains the plasmon enhancement of the excitation field. 

Of course, due to the photoactive nature of Ag/Ag2O surfaces, it is feasible that an equilibrium 

exists where new emissive sites are created through photochemical reactions while others are 

being oxidized electrochemically. In this case, the PL intensity could be representative of the 

ratio of kform to koxid, the kinetic rates of site formation and oxidation, respectively. The spike 

in intensity at ~2V is an interesting effect which is also observed for individual NPs, albeit 

infrequently. We attribute this increase in intensity due to the initial oxidation of the Ag NPs, 

increasing the chance of producing photoactive luminescent silver clusters under laser 

excitation and/or shifting the plasmon frequency onto resonance with the excitation field prior 

to the complete oxidation of silver. 

3. Conclusion 

In this report, studies of the electrochemical formation and oxidation of individual Ag NPs via 

light scattering and fluorescence microscopies were presented. These optical 
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spectroelectrochemical measurements can be used to directly obtain heterogeneities in redox 

potentials between NPs or locations on the electrode surface not obtainable via standard 

electrochemical methods. DFS and PL transients for individual NPs can be used to infer the 

voltammetric responses of individual NPs without being obscured by high nonfaradaic 

background currents. For Ag NPs electrodeposited onto ITO, it is clear from our DFS and PL 

measurements that only a small fraction of NPs can be appreciably oxidized, which may be 

attributable to the destruction of electrical contact between the ITO surface and the Ag NPs.   

4. Experimental Section  

Chemicals: A solution of glycine-coated Ag NPs in H2O was synthesized via the thermal 

reduction of Ag+ in a solid glycine matrix.32 Citrate-capped Ag NPs (20, 40, 60 and 80 nm in 

diameter) for size-dependence studies were purchased and used as received from Ted Pella, 

Inc. Silver Acetate (AgAc, 99 %, Acros Organics), LiClO4 (99.99 %, Aldrich), and 

Acetonitrile (MeCN, HPLC Grade, EMD) were obtained from the indicated sources and used 

without further purification. 

Sample Preparation: ITO-coated cover glass slides were cleaned via sonication for 15 min 

each in a mild detergent solution, 25 g L-1 KOH in EtOH, DI H2O, i-PrOH, and DI H2O, 

sequentially, followed by UV-O3 cleaning (Bioforce Nanosciences Procleaner Plus) for 10 

min. Pre-synthesized Ag NP samples were prepared by drop coating ~10 µL of a dilute 

solution of Ag NPs onto cleaned ITO substrates under ambient conditions. 

Electrochemical Setup: All electrochemical experiments were carried out in a 3-electrode 

configuration using custom PTFE electrochemical cells designed to fit within the optical path 

of an Olympus IX-71 optical microscope. In all cases, cleaned ITO-coated cover glass slides 

served as the working electrode (WE) and a Pt wire as the counter electrode (CE). For 

experiments in aqueous electrolytes, a Ag/AgCl (sat'd KCl) reference electrode was employed. 

For experiments in organic electrolytes, a Ag wire was used as a quasireference electrode 
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(QRE). The electrolyte for experiments on presynthesized Ag NPs was either 0.1 M NaOH in 

H2O or 0.1 LiClO4 in MeCN. For the experiments on electrodeposited Ag NPs, the electrolyte 

solution contained 300 µM Ag Acetate and 0.1 M LiClO4 in MeCN. All electrochemical 

measurements were obtained with a potentiostat (CH Instruments 760C). 

PL Microscopy: Samples were mounted onto a standard inverted optical microscope 

(Olympus IX-71). The excitation source for all measurements was a 488 nm laser (25 mW, 

Modu-Laser). For wide field measurements, PL was excited/collected in an epifluorescence 

configuration and detected using an electron multiplying charge coupled device (EM-CCD) 

camera (Andor iXon). The data was collected in the form of PL “movies” (a stack of TIFF 

images). The image dimensions were calibrated using a USAF test target (Thorlabs). Each 

pixel in the PL images represent a 150 nm × 150 nm sample area. Excitation intensities were 

20 W cm-2. 

For spectral acquisitions, a confocal optical geometry was employed. Emitted PL was 

collimated, then directed into a 50:50 beam splitter. Half of the beam was sent to a 

spectrometer/CCD (Princeton Instruments PI-200/Princeton Instruments Spec-10) for spectral 

acquisition and the other half was sent to a pair of avalanche photodiodes (APDs, 

PerkinElmer). Images were first acquired by rastering the location of the excitation beam on 

the sample and detecting the emission intensity at the APDs. Single NPs appeared as 

diffraction-limited (~λ/2) spots in the image. An area in the image which is believed to 

correspond to individual NP was identified and the sample was moved so that the excitation 

beam resided in this area. It is at this point that spectra were acquired using the CCD camera. 

Excitation intensities were 80 kW cm-2. 

Dark Field Scattering Microscopy: Samples were mounted onto an Olympus IX-71 inverted 

optical microscope. Light from a Hg arc lamp (X-Cite 120PC-Q) was focused onto the 

substrate surface by a dark field condenser (0.8-0.92 NA, Olympus). Scattered light was 

collected through a 40x, 0.75 NA objective and imaged using an EM-CCD camera (Andor 
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iXon). Each pixel of the CCD represented an actual sample area of ~380 nm × 380 nm. 

Scattering images of the substrate surface during electrodeposition were recorded at a time 

resolution of 50 ms. The start of data collection was controlled by a triggering pulse from the 

potentiostat. 
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Figure 1. Experimental schematics for DFS (A) and PL (B) based single NP 
spectroelectrochemistry experiments.  
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Figure 2. A: Schematic of light excitation and detection from a single Ag NP coated onto an 
ITO electrode for studying its redox behavior in an electrochemical cell; B: a typical DFS 
image of Ag NPs deposited onto an ITO surface via Ag+ reduction.     
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Figure 3. Cyclic voltammograms of a bare ITO electrode in 300 µM Ag acetate and 0.1 M 
LiClO4 in MeCN  during Ag NP deposition/oxidation using regular and dry MeCN (A) and 
scattering images of the ITO electrode obtained during the deposition process (B). The 
potentials at which the given images in B were acquired are indicated by the blue points in the 
cyclic voltammogram of panel A. 
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Figure 4. 16 individual Ag NP DSF intensity transients selected from DFS images of Figure 
3B during Ag deposition and oxidation using CV at a scan rate of 100 mV/sec in a solution of 
300 µM Ag acetate and 0.1 M LiClO4 in MeCN. The electrode potential was scanned from 
0.26 V (vs. SHE) to -0.26 V (vs. SHE), and then scanned to 4.24 V (vs. SHE) at a scan rate of 
100 mV/sec as shown by the potential curve in the figure.  
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Figure 5. A: an averaged DSF intensity transient (in red) of 283 Ag NPs obtained from DFS 
images recorded during the course of Ag deposition. Current (in blue) and potential (black) 
transients are included to compare with the DSF intensity; B: CVs of a bare ITO electrode in 
0.1 M LiClO4 in MeCN with (red) and without (black) 300 µM Ag acetate present. The 
electrode potential was scanned from 0.26 V (vs. SHE) to -0.26 V (vs. SHE), and then 
scanned to 4.24 V (vs. SHE) at a scan rate of 100 mV/sec. 
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Figure 6. A and B are typical SEM images of Ag NPs prepared electrochemically on ITO 
surface from 300 µM Ag acetate and 0.1 M LiClO4 in MeCN. These images were taken from 
a sample after DFS measurements demonstrating the presence of Ag NPs after applying a 4V 
(vs. SHE) electrode potential in 0.1 M LiClO4 in MeCN.  
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Figure 7. Example fit of a single NP DFS scattering transient to 2 sigmoid functions (A), 
histogram of deposition and oxidation Eon values (B), correlation between deposition and 
oxidation Eon parameters (C), and correlation between oxidation Eon and Asig parameters (D). 
The red points in the bottom panels represent binned averages. The errors bars represent 2 
standard deviations. 
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Figure 8. A: a typical PL image of electrodeposited Ag NPs on ITO electrode using CV at a 
scan rate of 100 mV/sec in 300 µM Ag acetate and 0.1 M LiClO4 in MeCN; B: 16 individual 
Ag NP florescence intensity transients selected from PL during Ag deposition and oxidation. 
The electrode potential was scanned from 0.26 V (vs. SHE) to -0.26 V (vs. SHE), and then 
scanned to 2.5 V (vs. SHE) at a scan rate of 100 mV/sec as shown by the potential curve in 
the figure.  
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Figure 9. A: an averaged PL intensity transient (in blue) of Ag NPs in comparison to the 
average DFS transient (in red) during the course of scanning the CV for Ag deposition and 
oxidation. The electrode potential (black) transient is included to compare with the PL and 
DSF intensity.  
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Figure 10. TEM image (scale bar is 50 nm) of fluorescent Ag NPs used for single particle PL 
spectroelectrochemistry studies (A), particle size statistics (B), absorption and PL spectra of 
the silver NPs (λexc.=488nm) (C), and a PL image of Ag NPs  loaded onto an ITO electrode 
(D). 
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Figure 11. Total PL intensity and electrode current density during oxidation (A), PL images 
of the ITO electrode during oxidation (B), and PL transients for 4 selected individual 
plasmonic Ag NPs (C). The potentials at which the given images were acquired are indicated 
by the blue points in the CV. 
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Figure 12. Example fit of a single NP PL transient to a combination of 2 sigmoid functions 
(A) and histograms of 1st and 2nd oxidation Eon values (B). 
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Figure 13. PL of the plasmonic Ag NPs under potential cycling (A), PL intensity and peak 
position during oxidation (B), and PL spectra during oxidation (C). 
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Table 1. Measured turn-on potentials for Ag reduction (Ec), first oxidation (Ea1), and the 
second deep oxidation (Ea2) for Ag NPs in 300 µM Ag acetate and 0.1 M LiClO4 in MeCN 
using either single particle DFS or PL (PL) methods; Samples without turn-on potential data  
listed showed no DFS or PL signal response to oxidation.     
 
Sample  # Analyzed Econ vs. SHE Ea

1
 (V) vs. SHE Ea

2
 (V) vs. SHE Method

1 283 -0.146(0.036) 0.354 - DFS 
2 784 -0.211(0.064) 0.573 - DFS 
3 40 -0.063(0.190) - - DFS 
4 618 -0.168(0.128) - - DFS 
5 15 -0.17(0.06) 0.36(0.06) 1.8(0.3) PL 
6 15 -0.21(0.04) 0.5(0.2) 1.9(0.7) PL 
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ABSTRACT 

This study is intended to increase the fundamental knowledge of structural and 

conformational dependence of single molecule Raman scattering characteristics of one of the 

most common organic semiconductors, region regular poly (3-hexylthiophene-2, 5-diyl) (P3HT). 

Single molecule Raman spectra of P3HT are found to have extremely long lifetimes in 

comparison to  Rhodamine 6G (R6G) single molecule trajectories due to the multiple 

chromophoric nature of the conjugate polymer molecules. Single molecule spectra evolution and 

dynamic changes in its trajectories are recorded for polymer chains on SERS active silver 

substrate. Studies of the effects of four solvents, including chlorobenzene, dichloromethane, 
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toluene, and tetrahydrofuran (THF), used to dissolve the polymer to prepare single molecules on 

the nanotextured silver surface show good agreement with the ensemble measurements. The 

SERS spectrum of single P3HT in toluene shows the most Raman bands, indicating that the 

solvent plays a critical role in defining the folding of the molecule on the surface. Time 

dependent Raman spectra shows single P3HT polymer chains have very stable SERS spectra in 

comparison with R6G molecules. An incident light polarization effects study indicates only weak 

correlation of incident light polarization angle with plasmon enhanced photoluminescence of the 

silver nanostructure, and low sensitivity of single molecule SERS to incident light polarization 

because  the molecules are excited along multiple different axes due to their poorly defined 

shapes on the nanotextured silver surface. 

 

With the discovery of Surface Enhanced Raman Spectroscopy (SERS) by Jeanmarie and 

Van Duyne 1 as well as Albrecht and Creighton 2 in 1977, Raman spectroscopy has become a 

useful analytical tool for the development of ultrasensitive biosensors, 3-5 and helping understand 

the nature of kinds of interface problems such as charge transfer 6-8
 and conformation of a 

molecule at a solid surface.9-12 A major break-through in the area, specifically by Nie and Emory 

13 and Kneipp et al.14 in 1997, was able to reveal that strongly coupled silver nanoparticles under 

resonance conditions can enhance the local field intensity to a point where Single Molecule 

Surface Enhanced Raman Spectroscopy (SM-SERS) was possible. Yet most of the molecules 

studied have been small organic molecules, such as rhodamine 6g (R6G), 15-18 only a few reports 

have shown that this technique can be applied to larger molecules like polymers 19-26 and proteins. 

27, 28 Conjugate polymers are a class of polymer molecules that have attractive optical and 

electrical properties for helping to understand the underlying photophysical properties of organic 
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semiconductors and real device applications such as organic solar cells29, light emitting diodes30, 

and transistors31. Past studies on conjugate polymers and their thin films have indicated that the 

processing conditions lead to variability 32, 33 in the morphology that can affect their 

photophysics and device performance.34, 35 Recent studies have shown that SM-SERS is a 

powerful tool to help reveal the confirmation change and charge transfer of a conjugate polymer 

at a surface.19,24 The present study intends to show the validity of using SM-SERS as a way of 

investigating polymer dyes, specifically poly(3-hexylthiophene-2,5-diyl) (P3HT), a common dye 

used in solar cells.36 This molecule can adapt various conformations in different solvents and its 

conformation changes on a solid surface have yet to have been studied at the single molecule 

level.37 Further the study intends to demonstrate the differences that can be gleaned from varying 

the solvent and incident field polarization angle.  

Our SM-SERS experiment of P3HT will be performed on a nanostructured silver 

substrate prepared using the Tollens’ silver mirror reaction38 and the single molecule Raman 

performance of P3HT is compared with that of Rhodamine 6G. With the viability of the system 

proven, P3HT will be probed after coating from different solvents. Finally the surface enhanced 

Raman of single molecule P3HT and its dependence on the Tollens silver surface will be probed 

by varying the polarization angle of the incident light while performing SM-SERS.  

The resulting nanotextured SERS slide is uniformly covered with silver and moderately 

brown in color. The slides were examined using a scanning electron microscope to discern the 

silver morphology (Figure 1A). The absorbance of the silver (Figure 1B) shows the optical 

density of the SERS substrate is around 1.18 at its plasmon absorption maxima of 445 nm. We 

found this would be the optimal silver coverage and resonance condition for our single molecule 

study. In order to confirm the viability of the Tollens silver mirror reaction substrate for SM-
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SERS, we first exam the background SERS signal of bare silver substrate. Many “hot spots” 

were located on the sample emitting primarily silver fluorescence, but two Raman peaks at 

around 1258 and 1344 cm-1 were present. These peaks were attributed to nitric acid not being 

fully removed by the washing step. 39, 40 It should be noted that previous experiments have 

reported various contaminants, 41 such as atmospheric carbon, being present on single molecule 

substrates indicating that such contaminants are fairly common. R6G was used as the probe for 

confirming single molecule capability. As can be seen in Figure 1C, a single “hot spot” was 

chosen using the confocal microscopes scanning capabilities. Literature 42-44 confirms the 

correlation between “hot spots” and the luminescence/Raman intensity enhancement of a single 

R6G molecule. The Raman spectra signature is consistent with the SERS spectra of ensemble 

R6G molecule although some Raman peaks disappear from the single molecule spectra because 

the single molecule Raman is sensitive to the molecular orientation. We compare the ensemble 

SERS spectra of P3HT and single molecule P3HT from THF in Figure 1D; similar consistency 

can be observed for ensemble P3HT and single polymer chain SERS spectra. The C=C 

symmetric ring stretch of P3HT at 1459 cm-1 is reported in the literature 45 as being the most 

intense band, and appears in all measurements, though slightly blue shifted for SERS spectra. 

The blue shift might be due to the partial oxidation state of the polymer chain upon the 

photoinduced charge transfer at a hotspot and is consistent with previous report. 45 Also the C=C 

anti-symmetric ring stretch normally located at 1498 cm-1 appears to be absent. This band, which 

is normally used to help determine the conjugation length of the polymer, is thought to actually 

still be present but difficult to pick out from the broad symmetric ring stretch when combined 

with the background fluorescence. It should be noted that both panel C and D include no 
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fluorescence background from silver substrate. We made corrections to the SERS spectra by 

subtracting the fluorescence signature from the original spectra.  

As shown in Figure 2 A and B, we recorded images of light scattering of the SERS 

substrate containing many hotspots but only a few spots were found to contain single molecule 

Raman signatures. The time evolution of single molecule R6G spectra (Figure 2 C) shows a high 

rate of intensity fluctuation indicative of single molecule behavior 43,46 as well as possible 

movement of the molecule. Differences in the peak intensity can be accounted for through 

variance in the angle of scattering, molecular orientation changes, and differences in the excited 

molecular motion.47 The identifying peaks at 1392 and 1541 cm-1 are present confirming the 

presence of the R6G.48-50 In comparing the various acquisitions in a single molecule of R6G over 

4 minutes (Figure 2C), the intensity of the acquisition is first moderate for the first acquisition; 

however, after the first acquisition the intensity increases significantly. This remains relatively 

stable throughout many acquisitions, decreasing only slightly with each subsequent acquisition. 

However, after 150 s, the intensity decreases significantly, and the intensity further decreases at 

210 s and remains low for the remainder of the collection period. On the other hand, the spectra 

of single P3HT molecules from chlorobenzene show that the molecule’s Raman signal is much 

more stable throughout many acquisitions. As seen in Figure 2D, the relative intensity remained 

increasingly stable throughout the eight 30 s acquisitions. This lack of blinking in the molecule 

can also be seen in the molecule’s trajectory, which shows a stable slightly downward sloping 

line. The trajectory does show several intense, short-lived peaks; however, these peaks are due to 

the minute variations of orientation of the molecule or charge transfers occurring in the sample. 

Unlike in R6G, these events in P3HT do not affect the overall stability of the molecule, and, 

therefore, P3HT is much more stable than R6G, which is contributed to P3HT being a 
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conjugated polymer. Additionally, the hydrophobic site chain may help minimize the photo-

oxidation of the polymer backbone in air further increasing the stability.  

Figure 3A shows the single molecule Raman spectra of P3HT cast from four different 

solvents onto SERS active silver substrate. The C=C symmetric ring stretch of P3HT around 

1459 cm-1 appears for all solvents while dramatic differences for other Raman peaks exist. We 

think this is due to the conformation difference for P3HT when the molecules memorize the 

conformation in solution when they are transferred onto a nanotextured silver surface. Further 

studies are needed to confirm the conformation differences for all these solvents. For 

dichloromethane, the SM-SERS peaks match well with the ensemble confirming the identity of 

the P3HT. Importantly peaks such as the C-S-C bond at 683 cm-1 and the C-H bond at 1210 cm-1 

are markedly absent in almost all the spectra, a common phenomenon in single molecule Raman 

studies where particular bands apparent in the ensemble are absent in the single molecule. Other 

peaks like the C=C bond at 1521 cm-1 are present in the shown spectra but absent in other 

measured spectra, indicating not only SM behavior but also implying that the orientation along 

the varied silver surface is not uniform when casting the single molecule. This should further 

indicate that local variability will occur with variances in the polarization angle of the incident 

light, with that aspect being further probed below. The peak at ~1498 cm-1 is related to the actual 

backbone of the polymer and can be used to indicate the conjugation of the polymer chain. In 

past cases, lower intensities and sharper peaks in this region have indicated more highly 

conjugated polymers with less overall flexibility along the backbone. Further the intensity ratio 

of the 1459 cm-1 over the 1498 cm-1 peak gives an inverse relationship with the conductivity of 

polythiophene films46, and is a value worth noting in the single molecule systems. However, due 

to the high background fluorescence it is extremely difficult to find the antisymmetric stretch 
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band, without which the ratio cannot be calculated. The Raman signature of single P3HT 

molecule cast from the other three solvents (chlorobenzene, THF, and toluene) are shown in 

Figure 3 A. We found each single molecule run corresponds well with its ensemble 

measurements, showing some variance much as dichloromethane showed variance. Further, 

P3HT single molecules from each solvent demonstrate slightly different spectra. Peaks appear in 

some of the toluene and THF spectra at ~650 cm-1 that are not present in the other two solvents 

and which correspond closely with the distorted conformation around the inter-ring single bond 

also known as a kink in the polymer.51, 52 This is thought to be due to the presence of chlorine 

causing solvent memory. In addition, dichloromethane does not exhibit a peak at 997 cm-1 which 

appears in each of the other solvents and is due to the C-C between the ring and alkyl chain. This 

is believed to be due to solvent memory influencing the side chains folding parameters upon the 

silver surface causing them to preferentially lay perpendicular with the surface and thus not be 

enhanced by the silver surface plasmon. Such solvent dependent conformation change of P3HT 

on the surface of TiO2 and its effect on solar cell efficiency has been observed previously for 

ensemble system.53 Good solvents such as xylene and chlorobenzene would lead to extended 

polymer chains which have sufficient contact with the substrate causing improved exciton 

dissociation and short circuit current for a solar cell. 

The single molecule trajectories of P3HT were compared with the ones of R6G as 

shown in Figure 3 B. The intensity trajectories of P3HT from all kinds of solvent are fairly stable 

over the whole time period. Normally this would indicate several molecules being present with 

blinking behavior indicating a single molecule. However, previous studies 19, 54 done by SERS 

with polymers have suggested that the polymer can be thought of as having multiple specific 

chromophores. Other studies have indicated that it is possible to have both a system of non-



8 
 

isolated chromophores that exhibit energy transfer to the lowest energy level chromophore 20, 21, 

25 and isolated chromophores along the same polymer chain that fail to transfer energy.22 The 

ability to energy transfer between these chromophores causes distinct broadening of the 

photoluminescence background that is overlaid on the Raman signal. The stair step nature of the 

intensity trajectory indicates that multiple chromophores are likely exhibiting Raman signals 

indicating a low level of intra-molecular conjugation. The majority of intensity trajectories for 

P3HT molecules from each solvent indicate similar low amounts of conjugation to that seen in 

dichloromethane. However, not all intensity trajectories showed the normal stair step decrease in 

intensity and thereby indicate the possibility that high levels of intra-molecular conjugation have 

occurred in some single molecule experiments. This appears to be largely solvent independent 

within the observed solvents, and may be more a function of the local surface. This is 

dramatically different from single molecule trajectories of R6G that show rapid stepwise changes 

in the trajectories due to changes in the molecular orientation and/or local heating before 

becoming photobleached. We found no such behavior for bare SERS substrate, except very short 

bursts in fluorescence background from small silver clusters that emit strong luminescence which 

can undergo dynamic changes because of the local photochemical reaction of silver oxide and 

silver as shown previously.55  

The trajectories shown in Figure 3 include both Raman and the silver background 

fluorescence. To further demonstrate the solvent dependence and dynamic changing in the local 

field enhanced Raman spectra, time evolution Raman spectra are shown in Figure 4. Consistent 

with results of trajectories in Figure 3, Raman spectra of P3HT from all kinds of solvent are 

fairly stable over the whole time period in comparison to single molecule R6G. The appearance 

of particular bands also provides strong proof of actual single molecule activity, since it is a 
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common occurrence for some bands not visible in the ensemble to be visible in the SM spectra. 

For example, Raman bands in THF at 724 cm-1 of the C-S-C band appear initially but disappear 

over time, indicating that the local area is likely undergoing heating and thus the SM is 

undergoing conformational shifts over time, 19 with it being unlikely but possible that the silver 

surface is changing through photoreduction. 45 These findings hold for more than 20 molecules 

probed.  

Stable single polymer Raman spectra would allow us to study the polarization 

dependence of the Raman intensity of a molecule. In order to fully confirm the single molecule 

nature, a polarization study is performed using P3HT, since the SERS enhancement is dependent 

upon the polarization of the incident light and its interactions with the orientation of the molecule 

and the local plasmonic field 56-58. In order to accomplish this, a half plate is placed in the laser 

line attached to an electric motor with known acceleration and velocity. The plate is rotated from 

0o to 90o then back 0o with the cycle being repeated three times. This alters the polarization angle 

of the incident light so that its effects may be tracked. One of the major difficulties when 

performing this sort of experiment is that the dichroic mirror used in the microscope will not 

reflect all polarization angles equally. Therefore the first experiment is performed with a thin 

film of P3HT with no silver as shown in Figure 5 A to correct the actual light intensity in the 

laser focal volume. This leads to a situation where the P3HT is homogenous on the glass, and no 

differences in local geometry of the substrate should affect the overall output light. Figure 5 A 

shows the sinusoidal intensity traces taken of the P3HT thin film while the polarization angle is 

changed. The fluctuations in intensity is fairly uniform and despite some photo-bleaching due to 

the photoluminescence signal being largely fluorescence, lead us to believe that the dichroic 

mirror is having a standardized effect on the power of the incident light at the sample. The laser 
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intensity modulation by the dichroic is about 10% of the total laser intensity. With the nature of 

the dichroic’s effect on the light intensity determined, it is now important to see if an uniform 

effect would occur on a nanostructured silver substrate. As such, Figure 5 A shows five traces 

taken of the silver scattering photoluminescence. The usual blinking phenomenon seen in silver 

is present and overlaid on a stronger background intensity modulation. The blinking 

phenomenon arises from the stochastic bursts of photoluminescence caused by the aggregation 

and formation of photoactive silver nanostructures.55 These structures are extremely small, a few 

silver atoms in size, and thus produce a stochastic effect much like that of a set of single 

molecules. With the experiment being performed under air, one also expects that oxidation of the 

silver structures can cause bleaching, while the photoreduction occurs at other points causing 

reappearance of the silver photoluminescence. This modulation appears in all of the samples but 

is not uniform across the film in either time or intensity from spot to spot as shown in Figure 5A. 

The lack of uniformity in the modulation for some of the hotspots indicates that local field 

enhancement at some hotspots of the nanostructured silver substrate is strongly dependent on the 

geometry of the local silver nanostructure instead of the incident light intensity. Such local 

structural dependence of the surface enhancement is critical for single molecule Raman 

enhancement. Other spots we have probed show strong correlation between the background 

fluorescence of silver and incident light intensity modulation. This is not unexpected since the 

silver has been reported as enhancing the intensity several orders of magnitude due to the local 

field effect. Further the difference in intensity spectrums is further supported by the silver mirror 

process which leaves a poorly defined system. Thus one would expect to see multiple different 

intensity spectrums dependent upon the poorly defined, but strongly enhancing local field. 
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Finally single molecule P3HT samples are analyzed while the polarization angle of the 

incident laser is changed as shown in Figure 5 B. Overall, no large amount of uniformity is seen 

in the trajectory of single molecule Raman signal upon the change of polarization angle of the 

incident beam as the total collected light scattering signal of P3HT is overwhelmed by the 

background fluorescence signal of silver substrate as shown in Figure 2D and Figure 5A Most 

P3HT molecules we have spotted on the nanostructured silver surface show their light scattering 

seems to consistently follow the trend of the laser intensity as we change the polarization angle 

with local field effects appearing to have no effects. Because the silver substrate is poorly 

defined it cannot be ruled out that the local field may primarily be in resonance along the 

maximum polarizations of the incident laser, but is thought to be unlikely to continuously occur. 

Thus the polymer chains themselves are not laid out flat along the surface and instead are folded 

in many different directions. This leads to chromophores being excited along multiple different 

axes, and not just when the substrate’s local field and incident laser are primarily interacting, and 

thus seeing the laser intensity modulation playing a large role in the excitement of the molecule. 

In addition, the polymer size is much smaller than the geometric size of the silver nanoparticles 

in the focus volume therefore the overall SERS of the molecule has to follow the field intensity 

of the nanostructure.  

To conclude, this study successfully demonstrates single molecule characteristics of 

P3HT as a representative polymer dye commonly found in dye sensitized solar cells. Our results 

show that the multiple chromophores allow a higher stability and less overall blinking, but time 

resolved spectra do indicate differences in the excited Raman bands over time in comparison to 

single molecule Raman of R6G on a nanostructured silver surface. Further work indicated that 

solvent effects are apparent with particular bands being absent, and this data may possibly 



12 
 

provide better insight into the folding structure of the molecule dependent upon its solvent 

memory. Finally, the photoluminescence background of nanostructured silver substrate and 

single molecule Raman scattering show only weak polarization dependence. The collection of 

the polarization data is poor due to the undefined nature of the substrate causing a strong 

photoluminescence background. However, it was noted that it is likely that the polymer does 

form in a folded pattern with various chromophores showing preferential polarization on the 

nanostructured silver surface.   
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FIGURE CAPTIONS  

Figure 1: SEM image (A) of nanotextured silver surface for single molecule SERS, its absorption 

spectra (B), the comparison of SERS spectra of single R6G molecule and ensemble R6G 

molecules (C), and   the SERS spectra of single P3HT molecule and ensemble P3HT molecules 

(D). 

Figure 2: Panel A and B are scanning Raman image of Rhodamine 6G (R6G) and P3HT, 

respectively, on the Tollens silver mirror substrate shows multiple hotspots showing only a few 

spots contains an actual molecule. Panel C and D are the corresponding Raman spectra and time 

flow of the spectra of single molecule R6G and P3HT.   

Figure 3: Single molecule spectra P3HT coated from chlorobenzene, dichloromethane, toluene, 

and tetrahydrofuran (A), and corresponding typical single molecule Raman trajectories of P3HT 

from these four different solvent in comparison to single molecule R6G and SERS substrate (B).  

Figure 4: The time evolution Raman spectra of a single molecule of P3HT coated from (A) 

Toluene, THF (B), dichloromethane (C), and chlorobenzene (D).  

Figure 5: (A) photoluminescence intensity trajectories of several selected hotspots (1-5) on silver 

substrate in comparison to a P3HT thin film at various laser polarization angle. (B) single 

molecule P3HT intensity trajectory shows definite modulation due to the differences in laser 

intensity. Fluorescence modulation on ensemble P3HT intensity trajectory is shown in each 

figure to show changes in the laser intensity on the sample surface.  
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Single Molecule Surface Enhanced Raman 

Spectroscopy of poly (3-hexylthiophene-2, 5-diyl) 

on Nanostructured Silver Substrate 

Daniel A. Clayton, Karson S. Brooks, and Shanlin Pan* 

The University of Alabama, Department of Chemistry, Tuscaloosa, AL 35487-0336 

* Corresponding Author: span1@bama.ua.edu 

Material: HPLC grade toluene, HPLC grade tetrahydrofuran (THF), silver nitrate, potassium 

hydroxide, strong ammonia solution, nitric acid and HPLC grade isopropanol were used as 

received from Fisher Chemicals. D-(+)-dextrose, poly (3-hexylthiophene-2, 5-diyl) and HPLC 

grade chlorobenzene were used as received from Sigma-Aldrich. Rhodamine 6G was obtained 

from Enzo Life Sciences and used as received. 

Slide Cleaning: Cover glass (No. 1, 22 mm2) was obtained from Corning. A standard cleaning 

procedure was performed by first placing the glass slides individually in a glass staining jar and 

filling the jar with 10% w/w potassium hydroxide in isopropanol. The jar was capped and 

sonicated for 10 minutes. The potassium hydroxide solution was removed and then the process 

was repeated with deionized water then isopropanol and then deionized water again. The slides 
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were then dried with nitrogen. Finally the slides were placed in a UV/Ozone Procleaner 

(BioForce Nanosciences, Ames, IA) and each side was exposed for 10 minutes. 

SERS Surface Preparation. To prepare the two solutions of dextrose and silver diammine 

needed for the Tollens silver mirror reaction, 0.10M AgNO3, 0.80 M KOH, and 0.25M dextrose 

(C6H12O6) were prepared separately. To make the silver diammine, 30 mL of the 0.10M AgNO3 

solution was added to a 125 mL Erlenmeyer flask, and 15 mL of the 0.80M KOH solution was 

sequentially added to the flask. A brown precipitate immediately resulted from the mixture of the 

two solutions. Concentrated (15M) ammonia was then added drop-wise until the solution was 

clear and colorless. Both the solutions of dextrose and silver nitrate were stored in separate dark 

glass bottles and cooled until usage. Equal aliquots of the dextrose and silver diammine ion 

solutions at room temperature were placed in a disposable plastic vial and mixed thoroughly. 

This mixture was then pipetted onto a cleaned glass slide. This mixture was allowed to remain on 

the slide for three minutes. After three minutes, the mixture was rinsed with water and ethanol 

and allowed to dry. The resulting slide was uniformly covered with silver and moderately brown 

in color. The slides were examined using a scanning electron microscope (JEOL 7000, Tokyo, 

Japan) to discern the composition of the slides. The absorbance of the silver was also measured 

using an ultraviolet-visible spectrophotometer (Cary 50, Santa Clara, CA). 

Sample Preparation. For the ensemble measurements, a 1×10-5 M solution of R6G in water and 

1×10-5 M solutions of P3HT in each of toluene, THF, dichlorobenzene, and dichloromethane 

were prepared. Each one was independently spin coated onto a Tollens’ silver mirror coated 

glass slide at 2,000 rpm for 60 seconds. For the single molecule measurements, a 1×10-9 M 

solution of R6G in water and 1×10-9 M solutions of P3HT in each of toluene, THF, 

dichlorobenzene, and dichloromethane were prepared and spin coated in the same way. 
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 Instrumentation. Raman signals were obtained using a homemade confocal microscope set-up. 

A Nano-View 200-2/M nanopositioner (Mad City Laboratories, Madison, WI) was mounted to 

the top of an Olympus IX-71 Inverted Microscope for scanning. The sample was excited using a 

633 nm self-contained HeNe laser (Thor Labs, Newton, NJ) at ~9.5 W and imaged with a 100x 

numerical aperture oil-immersion objective (NA 1.3). The emission was collected with the same 

objective and passed through a 633 nm laser filter set with long pass emission (Z488LP, Chroma 

Technology, Brattleboro, VT) and a 633 nm Notch Filter (Edmund Optics Inc.). The 

photoluminescence signal was then split, sending one part into a spectrometer with a liquid-

nitrogen cooled digital CCD spectroscopy system (Acton Spec-10:100B, Princeton instruments, 

Trenton, NJ) through a monochromator (Acton SP-2558, Princeton instruments, Trenton, NJ) 

and the other to an avalanche photodiode (APD, SPEM-AQRH-15, PerkinElmer). A PC 6602 

card from National Instruments Inc. was used for data acquisition. Data collection and control of 

the photon counter and nanopositioner were done using labview 8.5 (National Instruments Inc.). 

Data analysis of the scanned images was done using MatLab (MathWorks, Natick, MA). The 

intensity trajectories and Raman spectra were analyzed using Origin 6.1 (OriginLab, 

Northampton, MA). 
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Probing Spatial Heterogeneities of Photo-induced 

Interfacial Charge Transfer at Surface of Single 

Crystal Anatase TiO2 Particles 

Daniel Clayton, Caleb Hill, Shanlin Pan 

Department of Chemistry, The University of Alabama, Tuscaloosa, AL 35487-0336, United 

States 

KEYWORDS: single crystal TiO2, nanocrystals, photoreduction, photocatalyst  

Abstract: We present photoreduction activities of silver ions and spatial heterogeneity of the 

photoreduction process at the surface of single crystal anatase TiO2 particles synthesized using a 

hydrothermal process. Crystal facet dependence of the photoreduction process is revealed using 

surface enhanced Raman scanning (SERS) and strong light scattering of silver nanoparticles 

formed on the surface of the single crystal TiO2 particles. High resolution electron microscopy 

(for morphology and element mapping) shows that {101} and {001} faces have similar activity, 

but that the introduction of surface defects leads to areas of more efficient silver ion reduction 

forming silver nanoparticles on the edges of the single crystals enabling strong SERS 

enhancement. Such spatial distribution and average photoactivities of silver ion reduction are 

compared for single crystal particles prepared under various conditions (e.g., thermal annealing, 

and chemical reduction in NH3 gas) and we found that the majority of growth along the faces 

span1
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occurs at defect sites.  {not sure if this is formed by missing oxygen or Ti or physical defects of 

TiO2}  

TiO2 has a wide band gap of around 3.2 eV with excellent ultraviolet (UV) light activity, 1,2,3 and 

has been used as low-cost photocatalytic material, 4,5,6,7 particularly for hydrogen generation 

from direct water splitting using solar energy, 8,9,10,11,12 The photocatalytic performance of TiO2 

can be improved using various types of doping methods (e.g., replacement of Ti 13,14,15,16,17 with 

another cation and/or replacement of O18,19,20,21,22 with another anion). In particular the 

replacement of O has shown promise in reducing the bandgap  by the introduction of localized 

bands just above the valence band23,24,25 by producing oxygen vacancies which have better 

photocatalytic performance under visible light than pristine TiO2.
26,27 Meanwhile the 

photocatalytic performance could actually be hampered by the additional defects introduced 

from the doping which can lead to efficient charge recombination that decreases the 

photocatalytic efficiency.28,29,30 To improve its photocatalytic performance, the charge transfer 

rate in TiO2 could be improved by producing TiO2 with high crystalline domains, 31,32 which 

would serve as a substrate for optimal  electron or hole transport.33,34 Single crystal TiO2 

particles with size of several microns are particularly desirable for both practical application 

toward efficient water splitting and fundamental understanding of their structure-function 

relationship using electrochemical and optical methods.  Multiple studies have revealed the 

impact of high crystalline TiO2 on a photoelectrochemistry reaction. For example, Ohno et al 

were able to determine that electrons and holes were preferentially separated at the high 

crystalline face through Pt deposition and that rutile crystals tended to show more separation than 

the anatase crystals34. Majima and coworkers have developed a single molecule fluorescence 

photoreduction probe35,36,37 that has confirmed a preferential electron transfer on the anatase 
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crystal for the {101} phase using spatially resolved calculations to determine the photon bursts at 

size less than the optical diffraction limit.33 Further Majima and coworkers have gone on to 

determine that anatase TiO2 shows no preference between the phases for the hole transport by 

designing a novel single molecule chemiluminescence probe38 for use with their confocal 

measurement system. D’Arienzo et al 39 have shown similar effects for the anatase TiO2 where 

the {001} facets show preferred photooxidation while the {101} facets act as photoreduction 

sites. In addition, Ahmed et al have shown that the rutile {001} face shows higher photocatalytic 

activity for the oxidation of methanol than the other rutile faces and the {101} anatase face40. Lu 

and coworkers showed that the fluorine terminated faces have similar photoreactivity while the 

cleaned phases show a preference for photoreactions on the {010} surface.41,42 These highly 

crystalline TiO2 particles are small enough to quickly grow and alter the dopants while 

maintaining the ideal crystal shape, providing great opportunity for thorough analysis of the 

dopant effects on photocatalytic activities and identification of preferred areas of charge 

separation at the surface of TiO2. Here we provide a new method to investigate local 

photocatalytic activities and their preferred spatial distribution at single crystal TiO2 particles 

using SERS and high resolution electron microscope imaging. Effects of thermal annealing and 

doping processes on their local photocatalytic activities are studied to reveal the structure-

function relationship of TiO2. 

Micron sized anatase fluorine terminated TiO2 crystals are obtained using a hydrothermal 

process according to a procedure outlined in the literature.43,44 Figure 1A shows a typical SEM 

image of the TiO2 crystal with an edge size of around 2 microns in a square shape and chemical 

composition being confirmed by the XPS data shown in Figure 1B. To understand the effect of 

surface composition on their photoelectrochemical performance, we performed an annealing 
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process under air to remove the surface adsorbed fluorine, which can be successfully confirmed 

by the XPS data in figure 1C. The annealing process was also carried out under an ammonia 

atmosphere (67% ammonia, balance argon at 500o C for 1 hour). XPS data (cf. Figure 1D) 

confirms that a trace amount of nitrogen is present in both thermally annealed and as-synthesized 

crystals. A definite color change from white to yellow occurred in the crystals after ammonia 

treatment, indicating the hydrogen reduction of the crystal surface after ammonia decomposition 

into nitrogen and hydrogen at high temperature (500oC).  

Average photoelectrochemical performance of all three types of single crystal TiO2 particles 

are assessed in a photoelectrochemical cell by coating TiO2 particles in a gelatin matrix onto an 

ITO cover glass. Potential dependence of photocurrent and dark current responses of all three 

types of crystals are shown in Figure 2. Annealed single crystal samples show higher 

photocurrent than as-synthesized crystals, with it hypothesized to once again be due to the defect 

sites introduced through the annealing process for efficient charge separation and/or improved 

charge transport efficiency. The action spectra (cf. Figure 2d) of all three types of crystals show 

that the peak maximum essentially remains the same for all three different types of TiO2. That 

means the average bandgap of the crystals has changed little due to the annealing processes. 

Therefore we conclude that the improved photocurrent and photocatalytic activities are attributed 

to the surface modification by removing fluorine and introduction of defect sites for efficient 

charge separation without making changes to the band gap of the material.   

The enhanced UV and visible photocatalytic performance is further confirmed using 

photodecomposition of methylene blue (MB) in aqueous solution. as shown in Figure 3A, UV 

light shows much more efficient decomposition of MB than visible light with excitation 

wavelength longer than 420nm (intensity?? need to confirm with Greg and his student). Visible 
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light response to as-synthesized single crystal tio2 particles, and the ones annealed in air and in 

ammonia are shown in Figure 3B. Clearly improved efficiency was obtained on the thermmaled 

annealed sample and the one treated in ammonia. This is consistent with our electrochemical 

measurements in Figure 2.  

Then show Figure 4 on XRD and Raman spectra in figures and discuss how they help 

understand figure 2-3. Ask Dr. Geng to help analyze the XRD      

To reveal the local photoelectrochemical performance and its preferred facial growth, silver 

ions were photoreduced onto single crystal particles using a photoreduction scheme shown in 

Figure S1 of supporting information. Silver photoreduction was attempted on all three types of 

TiO2 using both UV light (254 nm) and visible light (> 400 nm). Scanning electron microscopy 

(SEM) along with energy dispersive spectroscopy (EDS) mapping were used to study the 

morphology and spatial distribution of the silver on the surface of single crystals. As shown in 

Figure 5, UV illumination produces silver nanoparticles at the edges where single crystalline 

domains of TiO2 meet, while small silver clusters grow on all the faces of three samples types 

with similar amounts as shown in table 1. More detailed electron microscope morphology and 

element mapping information is provided in Figure S2 of supporting information. On the other 

hand, only small amount of silver deposition occurs on all samples except as-synthesized TiO2 

under visible illumination with wavelength >400 nm, and silver growth does not occur primarily 

on the edges but equally on the faces. The as-synthesized single crystal TiO2 particles do not 

show silver growth as much as the thermally annealed samples. We conclude that the ammonia 

treatment and thermal annealing processes introduce new defect sites by removing fluorine for 

efficient charge dissociation in contract to as-synthesized crystals. The enhanced visible light 

response has to do with the enhanced photocatalytic performance in the wavelength region which 
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falloffs near 400 nm. The new defect sites all over the crystal surface after ammonia treatment or 

thermally annealing in air are electron rich sites responsible for silver ion reduction, specifically 

the number of nucleation sites, whereas the growth process should be preferential based upon the 

deep electron transfer through the crystal.   

To study the large silver nanoparticles at the edges of our single crystal samples, optical 

imaging was performed on a home-built inverted confocal microscope described fully in the 

supporting information and our previous work. 45 The laser beam can be focused on either the 

{101} or {001} face through a ×100 objective to resolve their light scattering features in the 

presence of silver nanoparticles as illustrated in Figure 6A and B. The optical imaging allowed 

us to identify the hot spots formed by silver nanoparticles on the single crystal TiO2 sample, and 

these silver nanoparticles can localize the incident EM field for Raman scattering enhancement 

for any Raman active probing molecule such as rhodamine 6g (R6G). Further, the optical image 

can be compared directly to the SEM image as shown in Figure 6C, with the samples being very 

disperse on a gridded substrate. Our SERS study shows that very little SERS enhancement 

difference is obtained from hotspots located on the two faces, which can be seen in Figure 4.  

This is consistent with the results obtained from electron microscope and element mapping 

study. Most interesting to this study is the possibility of the TiO2 face serving as a charge transfer 

enhancement route like that seen in nanoscale TiO2 particles46,47. The essential idea is that 

excitons produced deep within the sample will separate and either the hole or electron will move 

preferentially along one the crystal axis towards the terminating face. If this holds true one would 

expect that additional SERs enhancement would occur preferentially along one of the faces 

further enhancing the SERs signal generated by the presence of silver. However, with the 

enhancement effects being similar between the faces and the silver growth being equal, which 
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would also indicate preferential deep electron transfer; it is reasonable to conclude that neither 

face exhibits preferential electron transfer. Future work using this well defined system with DFT 

calculations could better define the results.  

We concluded that the silver growth and Raman imaging indicate that electron transfer occurs 

primarily at the edges where faces meet on anatase TiO2. However, under visible light, 

absorption occurs primarily at defect sites that have a smaller band gap than the bulk sample. 

These sites are primarily generated on the faces by the removal of fluorine, not by the 

introduction of a dopant. 
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FIGURES: 

 

Figure 1. (A) A SEM image of the hydrothermally synthesized anatase TiO2 confirms the 

anatase shape. XPS data confirms the composition of the (B) as synthesized sample, (C) 

annealed under air, and (D) annealed under nitrogen TiO2 samples. 
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Figure 2. The IV curves for the (A) as synthesized sample shows less of an enhancement when 

the light is applied than the (B) annealed under air and (C) annealed ammonia samples. The (D) 

action spectra show no shift in the intensity peak. 
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Figure 3.  Photocatalytic decomposition of methylene blue (MB) at single crystal TiO2 

nanoparticles under UV light irradiation. A: MB absorption response to visible and UV light 

irradiation. B: MB decomposition traces at as-synthesized single crystal TiO2 particles, and 

single crystal TiO2 particles thermally annealed in air and annealed in ammonia, respectively.    
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Figure 4. XRD and Raman of the three samples  

  

Raman and XRD 
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Figure 5. (A) SEM image of as synthesized TiO2 with silver grown upon the sample using UV 

light. (B) The EDS mapping of silver on the sample. When the faces are manually identified the 

percent of coverage can be calculated. 
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Figure 6.  The scanning optical image focused on the (A) {101} face and the (B) {001) face 
allowed identification of hot spots and possible silver crystal formations on the TiO2. (C) SEM 
images of the same crystal then allowed determination of the local area structures.  
(can we added on the fluorescence image we took early as those two images show better contrast 

of edge and top faces, I thin k they are in your poster and oral presentations??) 
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Figure 7. The normalized Raman spectra of rhodamine 6g on either the {001} (black) or {101} 

(red, offset of 1) face with silver attached. A 633 nm laser was used for excitation with the 

spectra being collected for 10 seconds. Add a spectrum from edge.  

Combine this one with Figure 6. Only show one raman spectrum or delete this figure as I don’t 

see difference of these two spectra} 
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Table 1. Percent coverage of TiO2 faces by silver. 

Sample {001} {101} 

As Synthesized, UV1 0.067 (0.039) 0.090(0.037) 

Annealed Air, UV1 0.032 (0.026) 0.031(0.018) 

Annealed Air, Visible2 0.055 (0.019) 0.064(0.027) 

Annealed Nitrogen, UV1 0.115 (0.074) 0.171(0.180) 

Annealed Nitrogen, Visible2 0.032 (0.021) 0.030(0.017) 

1284 nm illumination for 10 minutes. 2>400 nm illumination for 10 minutes.  

ASSOCIATED CONTENT 

Supporting Information. Schematic of the photoreduction of silver on TiO2, additional SEM 

images and EDS mapping of silver structures and detailed experimental details. This material is 

available free of charge via the Internet at http://pubs.acs.org.  
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Supporting Information 

Detailed Experimental Section 

Hydrothermal Synthesis of TiO2. TiO2 synthesis was carried out using a hydrothermal method. 

64 mg of Titanium (IV) Oxysulfate Hydrate (Sigma-Aldrich) was weighed out and added to 40 

mL of 120 mM hydrofluoric acid (VWR) in a Teflon lined acid digestion vessel (Parr Instrument 

Company). The acid digestion vessel was capped and placed in the oven for 12 hours at 180oC. 

The samples were removed from the oven and allowed to cool. It was then centrifuged and the 

precipitate was collected and dispersed in deionized water. The centrifugation and dispersion 

process was repeated two more times in deionized water and then once in isopropanol. The 

precipitate was then dispersed in deionized water again and allowed to gravimetrically separate. 

The precipitate was then collected and filtered using vacuum filtration and a 1 size filter with 

rinsing by deionized water. The sample was allowed to dry and weighed. 

TiO2 Annealing Process. As synthesized TiO2 was placed in a glass boat and into a tube furnace 

(Thermolyne, Thermo Scientific). For the annealing under air, the tube furnace was left open to 

atmosphere. The furnace was set to 500oC for 1 hour with a ramp rate of 15oC/minute. The 

sample was allowed to cool before being removed. For the annealing under nitrogen process, the 

tube furnace was purged by a series of vacuum and nitrogen purges. Ammonia gas (67% 

ammonia, balance argon, Airgas) was flowed through the tube furnace at 5 psi. The tube furnace 

was set to 500oC for 1 hour with a ramp rate of 15oC/minute. The tube furnace was allowed to 

cool, the ammonia flow was stopped, and the furnace was purged by nitrogen before the sample 

was removed from the furnace. 

Silver Growth. Silver was deposited onto TiO2 using a photoreduction process. The schematic 

can be seen in S1. To do so, 1 mg of TiO2 (as synthesized, annealed under air, or annealed under 
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ammonia) was dispersed in 2 mL of a 0.1 M AgNO3 (Fisher Scientific) solution with a 1/1 

deionized water to methanol ratio. The sample was then illuminated by either UV (254 nm, 

UVP) or visible (>400 nm, Newport) light for ten minutes while stirring. The sample was then 

centrifuged and the precipitate was collected and rinsed. 

TiO2 Characterization. X-ray photoelectron spectroscopy (XPS) was performed using a Kratos 

Axis 165 XPS/Auger located in the Central Analytical Facility (CAF) at the University of 

Alabama in order to ascertain the differences in the make-up of our three types of TiO2 crystals. 

Scanning electron microscopy (SEM) was performed using a JEOL 7000 FE scanning electron 

microscope located at the University of Alabama CAF. Energy dispersive x-ray spectroscopy 

maps were taken using the INCA system attached to the SEM. Samples were dispersed onto 

either gridded cover slips with a thin gold coating or on gridded holey carbon backed copper 

TEM grids. 

Optical Imaging. TiO2 samples were dispersed either upon gridded glass cover slips or upon 

gridded holey carbon backed copper TEM grids. Samples that were to be Raman imaged had 1 

M rhodamine 6g drop coated onto the sample. Images were scanned using a home built 

confocal system using an Olympus IX-71 Inverted Microscope with a 100x oil immersion 

objective and a Nano-View 200/2M nanopositioner (Mad City Laboratories) attached to the top 

for scanning. A 633 nm laser was used as the excitation source along with a 633 nm laser filter 

set with a long pass emission filter (Chroma Technology) and a 633 nm notch filter (Edmund 

Optics, Inc.). The inelastically scattered light was split and captured by avalanche photodiodes 

(APDs, SPEM-AQRH-15, Perkin Elmer) for photoluminescence images and collected by a 

liquid nitrogen cooled CCD (Acton Spec-10:100B, Princeton Instruments) attached to a 

monochromator (Acton SP-2558, Princeton Instruments) for Raman spectra collection.  



 18

Electrochemistry Measurements. For the electrochemistry measurements about 5 mg of the TiO2 

sample was added to 32 mg of gelatin () and 1.0 mL of water. The solution was shaken and then 

drop coated onto ITO glass. The coated slides were placed into the refrigerator and allowed to set 

for at least 1 hour. For the IV curves and wavelength scans, the sample was attached to an 

electrochemistry cell with the ITO serving as the working electrode, platinum as the counter 

electrode, and 0.01 M NaOH as the electrolyte. Measurements were performed using a 

potentiostat (CH Instruments) and a UV illumination source (Newport) with a monochromator. 

For the cyclic voltammetry measurements the ITO sample served as the working electrode with a 

counter electrode of platinum and a reference electrode of Ag/AgCl in a 0.01 M NaOH 

electrolyte. A potentiostat (CH Instruments) was used with the appropriate software package 

(CH Instruments). 

 

 

Figure S1. Schematic of the photoreduction of silver on the single crystal TiO2. 
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Figure S2. Additional SEM and EDS mapping images for the annealed under ammonia and 

annealed under air samples with silver grown using UV and visible light.  
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Figure S3. Site specific XRD images of the A.) {001} face and the B.) {101} face. 
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Appendix IV 

METHODS AND SYSTEMS FOR ANALYSIS 

 

STATEMENT OF GOVERNMENT SUPPORT 

This invention was made with government support under Grant No. DE-SC0005392 5 

awarded by the Department of Energy.  The government has certain rights in this invention. 

BACKGROUND 

Metallic nanostructures have been thoroughly studied over the past several decades 

due to their unrivaled ability to catalyze redox reactions that are relevant to alternative 

energy storage and conversion systems.  Some metallic nanoparticles, such as silver and 10 

gold nanoparticles, also have interesting optical properties (e.g., surface plasmon resonance 

(SPR)) in the visible region of the electromagnetic spectrum. These properties have been 

most notably exploited to enhance detection for a litany of optical spectroscopies (Raman, 

scattering, fluorescence, sum frequency generation, etc.) and to improve the efficiency of 

photovoltaic devices. Given the importance of such structures, method for characterizing 15 

them, especially in situ methods, are valuable for studying structure-property relationships. 

Even better are methods capable of resolving individual structures, dispelling the 

broadening of peaks inherent in ensemble measurements. The methods and compositions 

disclosed herein address these and other needs. 

SUMMARY 20 

Disclosed herein are systems and method for the detection, quantification, and/or 

monitoring of analytes, including nanoparticles, in samples. The disclosed systems and 

methods can be used, for example, to track the deposition of individual nanoparticles and 

nanoparticle clusters in situ with high spatial and temporal resolution. The disclosed 

systems and methods can even be used to track the deposition of several hundreds to 25 

thousands of nanoparticles simultaneously and reconstruct their voltammetric curves at the 

single nanoparticle level, feats not possible through existing electrochemical techniques. 

Also, disclosed herein are systems that comprise an electrochemical cell, a light 

source configured to illuminate the electrochemical cell, and an instrument configured to 

capture an optical signal from the electrochemical cell. The disclosed electrochemical cell 30 

can comprise a working electrode in electrochemical contact with a liquid sample 

comprising an analyte, one or more additional electrodes in electrochemical contact with the 

liquid sample, a sample containment vessel, and a power supply. The sample containment 

vessel can comprise a top end, a bottom end, an exterior surface, and an interior void 
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defined by an interior surface. The sample containment vessel can be configured such that 

the bottom end forms a liquid tight seal with the working electrode, and the liquid sample is 

contained in the volume defined by the interior void of the sample containment vessel and 

the working electrode. 

Optionally, the sample containment vessel can further comprise a channel that 5 

punctuates the interior surface and leads through the sample containment vessel to the 

exterior surface or top end of the sample containment vessel. The one or more additional 

electrodes can be inserted through the channel such that the one or more additional 

electrodes are in electrochemical contact with the liquid sample and the one or more 

additional electrodes form a liquid tight seal with the channel.  10 

In some examples, the system can further comprise a first lens. In some examples, 

the first lens can be configured such that the light source and instrument are below the first 

lens and the electrochemical cell is above the first lens. In some examples, the system can 

further comprise a second lens. In some examples, the system further comprising the first 

lens and the second lens can be aligned such that the first lens is above the instrument; the 15 

electrochemical cell is above the first lens; the second lens is above the electrochemical cell; 

and the light source is above the second lens.  

In certain examples, the system can further comprise a computing device configured 

to receive an electrochemical signal from the power supply; receive an optical signal from 

the instrument; process the electrochemical signal to obtain an electrochemical parameter; 20 

process the optical signal to obtain an optical parameter; optionally correlate the 

electrochemical parameter to the optical parameter to obtain an optoelectrochemical 

parameter; and output the electrochemical parameter, the optical parameter, the 

optoelectrochemical parameter, or combinations thereof. 

Methods for the detection, quantification, and/or monitoring of analytes, including 25 

nanoparticles, in liquid samples are also disclosed herein. The methods can involve the use 

of optical signal and/or electrochemical signal analysis to detect, quantify and/or monitor 

analytes, including nanoparticles, in a liquid sample. The methods can be performed using 

the systems described herein. Methods for the detection, quantification, and/or monitoring 

of analytes can comprise providing an electrochemical cell comprising a working electrode 30 

in electrochemical contact with a liquid sample comprising an analyte, a sample 

containment vessel, one or more additional electrodes in electrochemical contact with the 

liquid sample and a power supply electrically coupled to the working electrode and the one 

or more additional electrodes. The sample containment vessel can comprise a top end, a 
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bottom end, an exterior surface and an interior void defined by an interior surface, wherein 

the bottom end forms a liquid tight seal with the working electrode and the liquid sample is 

contained in the volume defined by the interior void of the sample containment vessel and 

the working electrode. The disclosed methods can further comprise capturing an 

electrochemical signal from the power supply, capturing an optical signal from the 5 

electrochemical cell, processing the electrochemical signal to obtain an electrochemical 

parameter, processing the optical signal to obtain an optical parameter, and optionally 

correlating the optical parameter to the electrochemical parameter to obtain an 

optoelectrochemical parameter. 

Also disclosed herein are sample containment vessels. The sample containment 10 

vessel can comprise a top end, a bottom end, an exterior surface and an interior void defined 

by an interior surface. In some examples, the sample containment vessel is configured to 

receive a working electrode such that the bottom end forms a liquid tight seal with the 

working electrode. In some examples, the volume defined by the interior void of the sample 

containment vessel and the working electrode is configured to contain a liquid sample, and 15 

the working electrode can be in electrochemical contact with the liquid sample. In some 

examples, the sample containment vessel further comprises a channel that punctuates the 

interior surface of the sample containment vessel and leads through the sample containment 

vessel to the top end or exterior surface of the sample containment vessel. In some 

examples, the channel is configured to receive one or more additional electrodes such that 20 

the one or more additional electrodes are in electrochemical contact with the liquid sample 

and the one or more additional electrodes form a liquid tight seal with the channel. 

In some examples, the sample containment vessel can further comprise a channel 

that punctuates the interior surface and leads through the sample containment vessel to the 

exterior surface or the top end of the sample containment vessel. The one or more additional 25 

electrodes can be inserted through the channel such that the one or more additional 

electrodes are in electrochemical contact with the liquid sample and the one or more 

additional electrodes form a liquid tight seal with the channel. In some examples, the 

sample containment vessel comprises multiple channels through which multiple electrodes 

or other probes can be inserted. 30 

Additional advantages will be set forth in part in the description that follows, and in 

part will be obvious from the description, or may be learned by practice of the aspects 

described below. The advantages described below will be realized and attained by means of 

the elements and combinations particularly pointed out in the appended claims. It is to be 
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understood that both the foregoing general description and the following detailed 

description are exemplary and explanatory only and are not restrictive. 

DESCRIPTION OF FIGURES 

Figure 1 is a schematic of an exemplary system as disclosed herein for the detection, 

quantification and/or monitoring of samples. 5 

Figure 2 is a schematic of an exemplary computing device. 

Figure 3 is a schematic of an exemplary system as disclosed herein for the detection, 

quantification and/or monitoring of samples with a channel punctuating an interior surface 

and exterior surface of a sample containment device. 

Figure 4 is a schematic of an exemplary system as disclosed herein for the detection, 10 

quantification and/or monitoring of samples with a channel punctuating an interior surface 

and a top end of a sample containment device. 

Figure 5A is a bottom view of an exemplary sample containment vessel for an 

electrochemical cell as disclosed herein.  Figure 5B is a side perspective of the sample 

containment vessel shown in Figure 5A. 15 

Figure 6A is a bottom view of an exemplary sample containment vessel for an 

electrochemical cell as disclosed herein.  Figure 6B is a side perspective of the sample 

containment vessel shown in Figure 6A. 

Figure 7 is a schematic of an exemplary system as disclosed herein that includes a 

light source and a camera below an electrochemical cell with a lens between the 20 

electrochemical cell and the instrument. 

Figure 8 is a schematic of an exemplary system as disclosed herein that includes a 

light source above an electrochemical cell, with a lens between the light source and the 

electrochemical cell, and a camera below the electrochemical cell with another lens between 

the electrochemical cell and the camera to focus and magnify an optical signal from a 25 

sample. 

Figure 9 is a schematic of an exemplary system as disclosed herein that combines 

the systems shown in Figure 7 and Figure 8. 

Figure 10 is a photograph of a working set up of the system described in Figure 7. 

Figure 11 is a graph showing a theoretical scattering cross-section as a function of 30 

particle size. 

Figure 12 is a graphical depiction of a turn-on potential calculation. 

Figure 13 shows the calculated single nanoparticles deposition current and scattering 

intensity, Aeff  = 20 µm2, 100 mV s-1 sweep rate. 
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Figure 14 shows histograms of (A) E1/2 and (B) Aeff values obtained from data fitting 

according to the theoretical model with and without the Esize term following the Plieth 

equation. 

Figure 15 is a schematic of the experimental setup for the dark field scattering 

spectroelectrochemistry experiments. 5 

Figure 16 is a graph showing the total measured scattering intensity and bulk current 

density during a potential sweep.  The insets are scattering images (~40 µm x 40 µm) at the 

indicated points along the sweep. 

Figure 17 shows linear sweep voltammograms and total substrate scattering 

intensities for different potential sweep rates. 10 

Figure 18 shows example individual particle scattering transients (A), histograms of 

the final light scattering intensity (“Asig”, inset of A), and “turn-on” potential obtained from 

the data fitting (B). 

Figure 19 is a plot of final particle radius (determined from Asig values) as a function 

of Eon. The circles indicate binned (10 mV) averages and the squares represent single 15 

particles.  Error bars are two standard deviations. 

Figure 20 contains a low magnification SEM image of deposited Ag particles (A), 

high magnification SEM image of the indicated particle (B), histogram of particle sizes 

obtained through SEM analysis (C), and results of single particle scattering-size correlations 

(D).  The overlay in (A) is generated from the corresponding dark field scattering image 20 

(Figure 21). 

Figure 21 is a dark field scattering image of the deposited Ag particles depicted in 

Figure 20. 

Figure 22 shows an example reconstructed voltammetric curves for single particles 

(A), histogram of peak potentials (inset of A), and a comparison of measured and calculated 25 

bulk current densities obtained through the scattering calculations for all 753 particles (B). 

Figure 23 shows the bulk current density and total scattering intensity at the ITO 

surface during potential cycling. 

Figure 24 shows the scattering transients for individual particles deposited and 

subsequently oxidized during potential cycling. 30 

Figure 25 is a flowchart depicting program flow. 

Figure 26 contains fluorescence images displaying the effects of background 

removal.  

Figure 27 is a screenshot of the MATLAB program used for trajectory extraction.  
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DETAILED DESCRIPTION 

The systems, methods, articles, and devices described herein may be understood 

more readily by reference to the following detailed description of specific aspects of the 

disclosed subject matter, figures and the examples included therein. 

Before the present systems, methods, articles, and devices are disclosed and 5 

described, it is to be understood that the aspects described below are not intended to be 

limited in scope by the specific systems, methods, articles, and devices described herein, 

which are intended as illustrations. Various modifications of the systems, methods, articles, 

and devices in addition to those shown and described herein are intended to fall within the 

scope of that described herein. Further, while only certain representative systems and 10 

method steps disclosed herein are specifically described, other combinations of the systems 

and method steps also are intended to fall within the scope of that described herein, even if 

not specifically recited. Thus, a combination of steps, elements, components, or constituents 

may be explicitly mentioned herein or less, however, other combinations of steps, elements, 

components, and constituents are included, even though not explicitly stated.  15 

The term “comprising” and variations thereof as used herein is used synonymously 

with the term “including” and variations thereof and are open, non-limiting terms. Although 

the terms “comprising” and “including” have been used herein to describe various 

examples, the terms “consisting essentially of” and “consisting of” can be used in place of 

“comprising” and “including” to provide for more specific examples of the invention and 20 

are also disclosed. Other than in the examples, or where otherwise noted, all numbers 

expressing quantities of ingredients, reaction conditions, and so forth used in the 

specification and claims are to be understood at the very least, and not as an attempt to limit 

the application of the doctrine of equivalents to the scope of the claims, to be construed in 

light of the number of significant digits and ordinary rounding approaches. 25 

As used in the description and the appended claims, the singular forms “a,” “an,” 

and “the” include plural referents unless the context clearly dictates otherwise.  Thus, for 

example, reference to “a composition” includes mixtures of two or more such compositions, 

reference to “an agent” includes mixtures of two or more such agents, reference to “the 

component” includes mixtures of two or more such components, and the like. 30 

“Optional” or “optionally” means that the subsequently described event or 

circumstance can or cannot occur, and that the description includes instances where the 

event or circumstance occurs and instances where it does not. 

It is understood that throughout this specification the identifiers “first” and “second” 
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are used solely to aid in distinguishing the various components and steps of the disclosed 

subject matter. The identifiers “first” and “second” are not intended to imply any particular 

order, amount, preference, or importance to the components or steps modified by these 

terms. 

Also, throughout this specification, various publications are referenced. The 5 

disclosures of these publications in their entireties are hereby incorporated by reference into 

this application in order to more fully describe the state of the art to which the disclosed 

matter pertains. The references disclosed are also individually and specifically incorporated 

by reference herein for the material contained in them that is discussed in the sentence in 

which the reference is relied upon. 10 

Reference will now be made in detail to specific aspects of the disclosed materials, 

compounds, compositions, articles, and methods, examples of which are illustrated in the 

accompanying examples and figures. 

For any quantitative analytical technique, a single analyte or single chemical 

reaction event represents the ultimate attainable limit of detection. This may come in the 15 

form of an atom, a molecule, a nanoparticle (NP), a defect site on a crystal surface, or a 

single molecule undergoing a redox reaction at a bulk electrode. There are inherent 

advantages to measurements at this limit, a primary one being the ability to thoroughly 

characterize heterogeneities in structure or reactivity that would only manifest in ensemble 

measurements as the broadening of peaks. In the electrodeposition of NPs, for example, 20 

traditional electrochemical measurements can be used to calculate the total quantity of 

material deposited through Faraday’s law. If the number and shape of particles are known, 

an average size can be obtained easily. However, information on the resulting size 

distribution cannot be directly obtained through such measurements. 

Methods capable of resolving electrochemical reactions occurring at individual 25 

nanostructures are critical to accurately determining their structure-function relationships. 

The direct electrochemical detection of single NPs has been demonstrated via a current 

amplification scheme as they collide at a microelectrode. More recently, heterogeneities in 

the catalytic activity of single metal NPs and the charge transfer performance of individual 

conjugated polymer molecules/NPs have been studied using fluorescence-based single 30 

molecule spectroelectrochemical (SMSEC) methods. Tao et al. have developed a surface 

plasmon resonance (SPR)-based imaging technique capable of measuring local 

electrochemical currents down to the single nanoparticle level by exploiting the sensitivity 

of SPR to the local dielectric environment. However, disclosed herein is a method that uses 
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dark field scattering (DFS) spectroelectrochemistry to analyze the electrochemical 

formation of individual nanoparticles (NPs) at the surface of an electrode. Heterogeneities 

in redox potentials among NPs not visible in the bulk electrochemical measurements are 

also disclosed. Through correlated electron microscopy, single nanoparticle light scattering 

intensity can be correlated to particle size according to Mie theory, permitting the rapid 5 

particle size determination and the construction of voltammetric curves of individual 

nanoparticles. 

In the disclosed methods, the change in signal is dominated by the modification of 

the metal nanostructure geometry rather than changes in dielectric environment, which is 

the case in SPR. Neither the reported SPR imaging techniques nor the other aforementioned 10 

SMS-EC methods have been employed to directly observe the synthesis of individual NPs.  

Provided herein are systems and method for the detection, quantification, and/or 

monitoring of analytes, including nanoparticles, in samples.  The disclosed systems and 

methods utilize a spectroelectrochemical method employing dark field scattering 

microscopy and can be used, for example, to track the deposition of individual nanoparticles 15 

and nanoparticles clusters in situ with high spatial (~350 nm) and temporal (ms) resolution. 

The systems and methods can be used to track the deposition of several hundreds to 

thousands of NPs simultaneously and reconstruct their voltammetric curves at the single 

nanoparticle level, feats not possible through existing electrochemical techniques. 

Referring now to Figure 1, example system (100) can comprise an electrochemical 20 

cell (110), a light source (140) configured to illuminate the electrochemical cell and liquid 

sample comprising an analyte (114) contained therein, and an instrument (150) configured 

to capture an optical signal from the liquid sample in the electrochemical cell. The 

electrochemical cell (110) comprises, a working electrode (112) in electrochemical contact 

with a liquid sample (114), an additional electrode (130) in electrochemical contact with the 25 

liquid sample (114)(though more can be present, only one is shown for clarity), a sample 

containment vessel (116), and a power supply (180). The sample containment vessel (116) 

comprises a top end (118), a bottom end (120), an exterior surface (122), and an interior 

void (124) defined by an interior surface (126). The sample containment vessel (116) can be 

configured such that the bottom end (120) forms a liquid tight seal with the working 30 

electrode (112), and the liquid sample (114) is contained in the volume defined by the 

interior surface (126) of the sample containment vessel (116) and the working electrode 

(112). 
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The system (100) can further comprise a computing device (160) configured to 

receive and process the optical signals from the instrument (150), as well as receive and 

process signals from the electrochemical cell (110), as discussed in more detail below.   

Optionally, the sample containment vessel can further comprise a channel.  

Referring now to Figure 3, the sample containment device (116) can further comprise a 5 

channel (128) that punctuates the interior surface (126) and leads through the sample 

containment vessel (116) to the exterior surface (122) of the sample containment vessel 

(116). The one or more additional electrodes (130) can be inserted through the channel 

(128) such that the one or more additional electrodes (130) are in electrochemical contact 

with the liquid sample (114) and the one or more additional electrodes (130) form a liquid 10 

tight seal with the channel (128). 

Referring now to Figure 4, the sample containment device (116) can further 

comprise a channel (128) that punctuates the interior surface (126) and leads through the 

sample containment vessel (116) to the top end (118) of the sample containment vessel 

(116), as shown in and, respectively. The one or more additional electrodes (130) can be 15 

inserted through the channel (128) such that the one or more additional electrodes (130) are 

in electrochemical contact with the liquid sample (114) and, optionally in this configuration, 

the one or more additional electrodes (130) form a liquid tight seal with the channel (128). 

In some examples, the sample containment vessel comprises multiple channels 

through which multiple electrodes or other probes can be inserted. 20 

The sample containment vessel, as well as the components thereof, can be fabricated 

form any suitable material or combination of materials compatible with the methods 

described herein. Examples of suitable materials include polymers, silicones, glasses, 

ceramics, inorganic materials and combinations thereof. In some examples, the interior 

surface of the sample containment vessel is substantially non-conducting. In some 25 

examples, the sample containment vessel comprises a cylindrical piece of a nonconducting 

material, as shown in Figure 5 and Figure 6. In some examples, the nonconducting material 

is Teflon. 

The working electrode and one or more additional electrodes can be fabricated from 

any suitable material or combination of materials compatible with the methods described 30 

herein. In some examples, the working electrode is substantially optically transparent. In 

some examples, the working electrode comprises an indium tin oxide (ITO) coated 

microscope coverslip. 
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The power supply (180) can comprise any additional features suitable for an 

electrochemical cell.  Examples of additional features include, but are not limited to, a 

voltmeter, an ammeter, a multimeter, an ohmmeter, a signal generator, a pulse generator, an 

oscilloscope, a frequency counter, a potentiostat, or a capacitance meter.  In some examples 

the power supply (180) is configured to apply a potential to the liquid sample (114).   5 

In some examples, the system further comprises a first lens. In some examples, the 

system further comprises a second lens. The lenses may independently be any type of lens, 

such as a simple lens, a compound lens, a spherical lens, a toric lens, a biconvex lens, a 

plano-convex lens, a plano-concave lens, a negative meniscus lens, a positive meniscus 

lens, a biconcave lens, a converging lens, a diverging lens, a cylindrical lens, a Fresnel lens, 10 

a lenticular lens, or a gradient index lens. 

In some examples, the system further comprising a first lens can be configured as 

shown schematically in Figure 7. Referring now to Figure 7, the system (100) is configured 

such that the light source (140) and instrument (170) are below the first lens (195) and the 

electrochemical cell (110) is above the first lens (195). In some examples, the first lens is a 15 

microscope objective. 

In some examples, the system further comprising a first lens and a second lens can 

be configured as shown schematically in Figure 8. Referring now to Figure 8, the system 

(100) is aligned such that the first lens (195) is above the instrument (150); the 

electrochemical cell (110) is above the first lens (195); the second lens (190) is above the 20 

electrochemical cell (110); and the light source (140) is above the second lens (190).  In 

some examples, the first lens is a dark field microscope objective and the second lens is a 

dark field microscope condenser. 

The system can further comprise any other suitable optical components.  Examples 

of additional optical components include, but are not limited to, mirrors, beam splitters, 25 

filters, lenses, optical fibers, beam expanders, or collimators. 

The working electrode can comprise any suitable material. In some examples, the 

working electrode is substantially optically transparent. In some examples, the working 

electrode comprises an indium tin oxide (ITO) coated coverslip. 

The system (100) can further comprise a first computing device (160) configured to 30 

receive and process electrochemical signals from the electrochemical cell, as well as receive 

and process optical signals from the instrument (150).   

Figure 2 illustrates an example computing device upon which examples disclosed 

herein may be implemented. The computing device (160) can include a bus or other 
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communication mechanism for communicating information among various components of 

the computing device (160). In its most basic configuration, computing device (160) 

typically includes at least one processing unit (212) (a processor) and system memory (214). 

Depending on the exact configuration and type of computing device, system memory (214) 

may be volatile (such as random access memory (RAM)), non-volatile (such as read-only 5 

memory (ROM), flash memory, etc.), or some combination of the two. This most basic 

configuration is illustrated in Figure 2 by a dashed line (210). The processing unit (212) 

may be a standard programmable processor that performs arithmetic and logic operations 

necessary for operation of the computing device (160). 

The computing device (160) can have additional features/functionality. For example, 10 

computing device (160) may include additional storage such as removable storage (216) and 

non-removable storage (218) including, but not limited to, magnetic or optical disks or 

tapes.  The computing device (160) can also contain network connection(s) (224) that allow 

the device to communicate with other devices. The computing device (160) can also have 

input device(s) (222) such as a keyboard, mouse, touch screen, antenna or other systems 15 

configured to communicate with the camera in the system described above, etc. Output 

device(s) (220) such as a display, speakers, printer, etc. may also be included. The 

additional devices can be connected to the bus in order to facilitate communication of data 

among the components of the computing device (160). 

The processing unit (212) can be configured to execute program code encoded in 20 

tangible, computer-readable media. Computer-readable media refers to any media that is 

capable of providing data that causes the computing device (160) (i.e., a machine) to 

operate in a particular fashion. Various computer-readable media can be utilized to provide 

instructions to the processing unit (212) for execution. Common forms of computer-

readable media include, for example, magnetic media, optical media, physical media, 25 

memory chips or cartridges, a carrier wave, or any other medium from which a computer 

can read. Example computer-readable media can include, but is not limited to, volatile 

media, non-volatile media and transmission media. Volatile and non-volatile media can be 

implemented in any method or technology for storage of information such as computer 

readable instructions, data structures, program modules or other data and common forms are 30 

discussed in detail below. Transmission media can include coaxial cables, copper wires 

and/or fiber optic cables, as well as acoustic or light waves, such as those generated during 

radio-wave and infra-red data communication. Example tangible, computer-readable 

recording media include, but are not limited to, an integrated circuit (e.g., field-
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programmable gate array or application-specific IC), a hard disk, an optical disk, a 

magneto-optical disk, a floppy disk, a magnetic tape, a holographic storage medium, a 

solid-state device, RAM, ROM, electrically erasable program read-only memory 

(EEPROM), flash memory or other memory technology, CD-ROM, digital versatile disks 

(DVD) or other optical storage, magnetic cassettes, magnetic tape, magnetic disk storage or 5 

other magnetic storage devices. 

In an example implementation, the processing unit (212) can execute program code 

stored in the system memory (214). For example, the bus can carry data to the system 

memory (214), from which the processing unit (212) receives and executes instructions. The 

data received by the system memory (214) can optionally be stored on the removable 10 

storage (216) or the non-removable storage (218) before or after execution by the 

processing unit (212). 

The computing device (160) typically includes a variety of computer-readable 

media. Computer-readable media can be any available media that can be accessed by device 

(160) and includes both volatile and non-volatile media, removable and non-removable 15 

media. Computer storage media include volatile and non-volatile, and removable and non-

removable media implemented in any method or technology for storage of information such 

as computer readable instructions, data structures, program modules or other data. System 

memory (214), removable storage (216), and non-removable storage (218) are all examples 

of computer storage media. Computer storage media include, but are not limited to, RAM, 20 

ROM, electrically erasable program read-only memory (EEPROM), flash memory or other 

memory technology, CD-ROM, digital versatile disks (DVD) or other optical storage, 

magnetic cassettes, magnetic tape, magnetic disk storage or other magnetic storage devices, 

or any other medium which can be used to store the desired information and which can be 

accessed by computing device (160). Any such computer storage media can be part of 25 

computing device (160).  

It should be understood that the various techniques described herein can be 

implemented in connection with hardware or software or, where appropriate, with a 

combination thereof. Thus, the methods, systems, and associated signal processing of the 

presently disclosed subject matter, or certain aspects or portions thereof, can take the form 30 

of program code (i.e., instructions) embodied in tangible media, such as floppy diskettes, 

CD-ROMs, hard drives, or any other machine-readable storage medium wherein, when the 

program code is loaded into and executed by a machine, such as a computing device, the 

machine becomes an apparatus for practicing the presently disclosed subject matter. In the 
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case of program code execution on programmable computers, the computing device 

generally includes a processor, a storage medium readable by the processor (including 

volatile and non-volatile memory and/or storage elements), at least one input device, and at 

least one output device. One or more programs can implement or utilize the processes 

described in connection with the presently disclosed subject matter, e.g., through the use of 5 

an application programming interface (API), reusable controls, or the like. Such programs 

can be implemented in a high level procedural or object-oriented programming language to 

communicate with a computer system. However, the program(s) can be implemented in 

assembly or machine language, if desired. In any case, the language can be a compiled or 

interpreted language and it may be combined with hardware implementations. 10 

In certain examples, system memory (214) comprises computer-executable 

instructions stored thereon that, when executed by the processor (212), provide for analysis 

of signals captured by the instrument (150) and the power supply (180) to obtain 

information about the liquid sample and/or one or more analytes present in the liquid 

sample (i.e., one or more sample characteristics, as discussed in more detail below). To 15 

implement analysis of this type, system memory (214) can comprise computer-executable 

instructions stored thereon that, when executed by the processor (212), cause the processor 

to: receive an electrochemical signal from the power supply; receive an optical signal from 

the instrument; process the electrochemical signal to obtain an electrochemical parameter; 

process the optical signal to obtain an optical parameter; optionally correlate the 20 

electrochemical parameter to the optical parameter to obtain an optoelectrochemical 

parameter; and output the electrochemical parameter, the optical parameter, the 

optoelectrochemical parameter, or combinations thereof. 

The electrochemical parameter can be, for example, how the electrochemical signal 

progresses over time. For example, if the electrochemical signal comprises voltage or 25 

current, the electrochemical parameter can be voltage over time or current over time.  

Similarly, the optical parameter can be, for example, how the optical signal progresses 

overtime. The optical signal can be, for example, intensity, brightness, scattering, 

fluorescence, or electrogenerated chemiluminescence. Then, the optical parameter can be, 

for example, intensity over time, brightness over time, scattering over time, fluorescence 30 

over time, or electrogenerated chemiluminescence over time. The optoelectrochemical 

parameter is a correlation between the optical parameter and the electrochemical parameter.  

For example, the optoelectrochemical parameter instead of being of a signal progresses over 

time, can be an expression of how one signal or parameter progresses with relation to the 
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other. For example, how the optical signal or optical parameter progresses in terms of the 

electrochemical signal or parameter, or vice-versa. For example, the optoelectrochemical 

parameter can be scattering over voltage, scattering over current, fluorescence over voltage, 

or fluorescence over current. 

The analysis of signals captured by the instrument and power supply can be carried 5 

out in whole or in part on one or more computing device. For example, the system may 

comprise one or more additional computing device. 

In certain examples, the instrument comprises a camera. In certain examples, the 

optical signal comprises an image. 

In certain examples, system memory (214) comprises computer-executable 10 

instructions stored thereon that, when executed by the processor (212), provide for analysis 

of images captured by the camera (150) to obtain information about the liquid sample 

and/or one or more analytes present in the liquid sample. Image analysis can involve 

fluorescence image analysis, dark field scattering image analysis, electrogenerated 

chemiluminescence image analysis, or combinations thereof. For example, the analysis can 15 

be dark field scattering image analysis. The data can be saved as a series of image files, or 

“frames”. The first frame can be subtracted from each subsequent frame to correct for any 

static defects. Next, all the frames can be summed together to yield an image depicting total 

scattering intensity throughout the experiment. Gradient filtering methods can be used to 

enhance the contrast within the image. A threshold can be set to differentiate between 20 

“active” (scattering) and “inactive” (not scattering) pixels. Adjacent pixels can be grouped 

together to form “spots”. The scattering intensity can then be extracted on a frame-by-frame 

basis by taking the maximum of the individual pixel intensities for each spot. In some 

examples, the scattering intensity can be further processed to obtain a different 

characteristic from the sample. For example, if the liquid sample comprises metal ions that 25 

can form nanoparticles upon the application of sufficient voltage, the scattering intensity 

from the particles can be processed using appropriate theoretical models (i.e. Mie theory) to 

ultimately give nanoparticle size. 

The light source present in the systems described above can be any type of light 

source. In some examples, the system can include a single light source. In other examples, 30 

more than one light source can be included in the system. Examples of suitable light sources 

include natural light sources (e.g., sunlight) and artificial light sources (e.g., incandescent 

light bulbs, light emitting diodes, gas discharge lamps, arc lamps, lasers etc.). In some 

examples, the light source is an arc lamp. In some examples, the light source is a laser. 
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Methods for the detection, quantification, and/or monitoring of analytes, including 

nanoparticles, in liquid samples are also provided. The methods can involve the use of 

optical signal and/or electrochemical signal analysis to detect, quantify and/or monitor 

analytes, including nanoparticles, in a liquid sample. The methods can be performed using 

the systems described above. Methods for the detection, quantification, and/or monitoring 5 

of analytes can comprise providing an electrochemical cell comprising a working electrode 

in electrochemical contact with a liquid sample comprising an analyte, a sample 

containment vessel, one or more additional electrodes in electrochemical contact with the 

liquid sample and a power supply electrically coupled to the working electrode and the one 

or more additional electrodes. The sample containment vessel can comprise a top end, a 10 

bottom end, an exterior surface and an interior void defined by an interior surface, wherein 

the bottom end forms a liquid tight seal with the working electrode and the liquid sample is 

contained in the volume defined by the interior void of the sample containment vessel and 

the working electrode. Methods can further comprise capturing an electrochemical signal 

from the power supply, capturing an optical signal from the electrochemical cell, processing 15 

the electrochemical signal to obtain an electrochemical parameter, processing the optical 

signal to obtain an optical parameter, and optionally correlating the optical parameter to the 

electrochemical parameter to obtain an optoelectrochemical parameter. 

In some examples, the sample containment vessel can further comprise a channel 

that punctuates the interior surface and leads through the sample containment vessel to the 20 

exterior surface or the top end of the sample containment vessel. The one or more additional 

electrodes can be inserted through the channel such that the one or more additional 

electrodes are in electrochemical contact with the liquid sample and the one or more 

additional electrodes form a liquid tight seal with the channel.  In some examples, the 

sample containment vessel comprises multiple channels through which multiple electrodes 25 

or other probes may be inserted. 

The sample containment vessel, as well as the components thereof, can be fabricated 

form any suitable material or combination of materials compatible with the methods 

described herein. Examples of suitable materials include polymers, silicones, glasses, 

ceramics, inorganic materials and combinations thereof. In some examples, the interior 30 

surface of the sample containment vessel is substantially non-conducting. In some 

examples, the sample containment vessel comprises a cylindrical piece of a nonconducting 

material, as shown in Figure 5 and Figure 6. In some examples, the nonconducting material 

is Teflon. 
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The working electrode and second electrode can be fabricated from any suitable 

material or combination of materials compatible with the methods described herein. In some 

examples, the working electrode is substantially optically transparent. In some examples, 

the working electrode comprises an indium tin oxide (ITO) coated microscope coverslip. 

In certain examples, the optical signal can comprise dark field scattering images. 5 

Methods for processing the dark field scattering images can comprise saving the images as a 

series of image files, or “frames”.  The first frame is subtracted from each subsequent frame 

to correct for any static defects. Next, all the frames are summed together to yield an image 

depicting total scattering intensity throughout the experiment. Gradient filtering methods 

can be used to enhance the contrast within the image. A threshold can be set to differentiate 10 

between “active” (scattering) and “inactive” (not scattering) pixels. Adjacent pixels can be 

grouped together to form “spots”. The scattering intensity can then be extracted on a frame-

by-frame basis by taking the maximum of the individual pixel intensities for each spot. In 

some examples, the scattering intensity can be further processed to obtain a different 

characteristic from the sample. For example, if the liquid sample comprises metal ions that 15 

can form nanoparticles upon the application of sufficient voltage, the scattering intensity 

from the particles can be processed using appropriate theoretical models (i.e. Mie theory) to 

ultimately give nanoparticle size. 

In some examples, the analyte can include nanoparticles. In some examples, the 

optical signal comprises dark field scattering, which can be processed using theoretical 20 

methods (i.e., Mie theory) to determine nanoparticles size. In some examples, the 

optoelectrochemical parameter comprises the potential at which individual nanoparticles, 

clusters of nanoparticles, or a combination thereof, of a specific size are formed. 

Also disclosed herein are sample containment vessels. The sample containment 

vessel can comprise a top end, a bottom end, an exterior surface and an interior void defined 25 

by an interior surface. In some examples, the sample containment vessel is configured to 

receive a working electrode such that the bottom end forms a liquid tight seal with the 

working electrode. In some examples, the volume defined by the interior void of the sample 

containment vessel and the working electrode is configured to contain a liquid sample, and 

the working electrode can be in electrochemical contact with the liquid sample. In some 30 

examples, the sample containment vessel further comprises a channel that punctuates the 

interior surface of the sample containment vessel and leads through the sample containment 

vessel to the top end or exterior surface of the sample containment vessel. In some 

examples, the channel is configured to receive one or more additional electrodes such that 
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the one or more additional electrodes are in electrochemical contact with the liquid sample 

and the one or more additional electrodes form a liquid tight seal with the channel. 

In some examples, the sample containment vessel can further comprise a channel 

that punctuates the interior surface and leads through the sample containment vessel to the 

exterior surface or the top end of the sample containment vessel. The one or more additional 5 

electrodes can be inserted through the channel such that the one or more additional 

electrodes are in electrochemical contact with the liquid sample and the one or more 

additional electrodes form a liquid tight seal with the channel. In some examples, the 

sample containment vessel comprises multiple channels through which multiple electrodes 

or other probes may be inserted. 10 

The sample containment vessel, as well as the components thereof, can be fabricated 

form any suitable material or combination of materials compatible with the methods 

described herein. Examples of suitable materials include polymers, silicones, glasses, 

ceramics, inorganic materials and combinations thereof. In some examples, the interior 

surface of the sample containment vessel is substantially non-conducting. In some 15 

examples, the sample containment vessel comprises a cylindrical piece of a nonconducting 

material, as shown in Figure 5 and Figure 6. In some examples, the nonconducting material 

is Teflon. 

In some examples, the volume defined by the interior void of the sample 

containment vessel is 5 mL or less.  For example, the volume can be 4 mL or less, 3 mL or 20 

less, 2 mL or less or 1 mL or less. For example, the volume can be from 5 mL to 1 µL, from 

3 mL to 1 µL, from 1 mL to 1 µL, from 500 µL to 1 µL from 300 µL to 1 µL, and the like.  

In some examples, the sample containment vessel is configured to reside in a 

microscope. 

EXAMPLES 25 

The following examples are set forth below to illustrate the methods and results 

according to the disclosed subject matter. These examples are not intended to be inclusive 

of all aspects of the subject matter disclosed herein, but rather to illustrate representative 

methods and results. These examples are not intended to exclude equivalents and variations 

of the present invention which are apparent to one skilled in the art. 30 

Efforts have been made to ensure accuracy with respect to numbers (e.g., amounts, 

temperature, etc.) but some errors and deviations should be accounted for. Unless indicated 

otherwise, parts are parts by weight, temperature is in °C or is at ambient temperature, and 

pressure is at or near atmospheric. There are numerous variations and combinations of 
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reaction conditions, e.g., component concentrations, temperatures, pressures and other 

reaction ranges and conditions that can be used to optimize the product purity and yield 

obtained from the described process. Only reasonable and routine experimentation will be 

required to optimize such process conditions.  

Example 1 5 

Indium-Tin-Oxide (ITO)-coated coverglass substrates (0.15 mm thick, 15-30 Ω/sq, 

SPI) were cleaned by sequential sonication for 10 min each in a mild detergent solution, DI 

H2O, isopropanol, and DI H2O followed by drying under a stream of N2. A Ni TEM grid 

(SPI) was attached to the substrate using standard laboratory labeling tape. Al (~100 nm) 

was then thermally deposited through the TEM grid at a pressure of ~10-6 torr.  The tape 10 

and TEM grid were carefully taken off and the substrates were swabbed with CHCl3 to 

remove the residual adhesive.  The sonication procedure was repeated before using the 

substrates for the electrodeposition experiments. 

The electrochemical cell used for these experiments was machined from Teflon. It 

was designed to use a 0.15 mm thick working electrode and wire counter/reference 15 

electrodes while being thin enough to fit within the optical path of our dark field 

microscope. The previously described ITO substrates were used as working electrodes, 

along with a Pt wire and Ag wire as counter and quasi-reference electrodes, respectively. 

The electrolyte solution for depositions comprised 300 µM Ag Acetate (99%, Acros 

Organics) and 0.1 M LiClO4 (99.99%, Aldrich) in MeCN (HPLC Grade, EMD). An 20 

electrolyte solution containing 1 mM Ferrocene MeOH (97%, Aldrich) and 0.1 M LiClO4 

was used for calibration of the QRE. 

Light from an Hg arc lamp (X-Cite 120 PC Q) was focused onto the substrate 

surface by a dark field condenser (0.8-0.92 NA, Olympus). Scattered light was collected 

through a 40x, 0.75 NA objective and imaged using an electron multiplying charge coupled 25 

device (EM-CCD) camera (Andor iXon). No EM Gain was used for these measurements. 

Each pixel of the CCD represented an actual sample area of about 380 x 380 nm.  Scattering 

images of the substrate surface during electrodeposition were recorded at a time resolution 

of 50 ms. The start of data collection was controlled by a triggering pulse from the 

potentiostat. 30 

The electrode current was measured as the potential of the ITO electrode was swept 

at 100 mV/s from 0 V to -0.3 V vs. the Ag QRE using a potentiostat (760C, CH 

Instruments). The Ag QRE electrode was calibrated by cyclic voltammetry in the Ferrocene 

MeOH reference solution described previously. All potentials were subsequently reported 
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against the standard hydrogen electrode (SHE).  For the cyclic voltammetry experiment, the 

potential was ramped from ~0V to -0.5 V to ~ 1 V vs. the Ag QRE at 100 mV/s. 

SEM analysis was carried out at a 20 keV accelerating voltage on a JEOL 7000 FE-

SEM. The area imaged optically via electrodeposition was first located with the aid of the 

deposited Al index and imaged at low magnification. After correlating individual spots in 5 

the SEM and scattering images, the sample was imaged again at high magnifications to 

obtain particle sizes for about 40 scattering centers on the substrate. 

Custom MATLAB software was used to extract particle scattering transients. An 

outline of the process is given below. 

- The data is initially saved as a TIFF stack (serried of tagged image file format 10 

images, or “frames”). 

- The first frame is subtracted from each subsequent frame. This corrects for any 

static defects/particles on the sample surface that may scatter light. 

- All frames are summed together to yield an image depicting total scattering 

intensity throughout the experiments. 15 

- Simple gradient filtering methods are used to enhance contrast within the image, 

if necessary. 

- A threshold is set to differentiate between “active” (scattering) and “inactive” 

(no scattering) pixels. 

- Adjacent pixels are grouped together to form “spots”. 20 

- Scattering intensity is then extracted on a frame-by-frame basis by taking the 

maximum of the individual pixel intensities for each spot, resulting in single 

particle “transients”. 

Calculations for theoretical scattering-size curves were carried out according to the 

Mie solution for scattering from a homogeneous sphere.  The cross-section representing the 25 

scattered light between polar angles θi ± ½ θ was calculated as: 
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     (1) 

where k is the wavenumber of the scattered radiation and r the particle radius. The 

scattering matrix element S11 was calculated via MATLAB programs, which followed a 

well-established algorithm (Bohren, CF; Huffman, DR.  Absorption and Scattering of Light 30 

by Small particles.  1983). Values for the complex refractive index of Ag (Handbook of 

Optical Constants of Solids, Palik, 1985), MeCN (n = 1.3442, CRC Handbook of Chemistry 

and Physics, Lide, 2008), and ITO (Sopra Materials Database) were obtained from the 
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indicated sources. The Ag and ITO refractive indices were functions of scattering 

wavelength, which were interpolated as necessary to yield values at wavelengths matching 

those at which the lamp intensity was measured. The medium refractive index used for 

these calculations was taken to be an average of the MeCN and ITO values, and an angular 

resolution of 1 degree was used. The observed scattering intensity at the detector was 5 

modeled as: 

,ݎ௜ሺܫ ,௜ߠ ሻߠ∆ ൌ ߯නߪ௜ሺ݇, ,ݎ ,௜ߠ ௜ሻߠ௖௢௟௟ሺߟ஼஼஽ሺ݇ሻߟ௟௔௠௣ሺ݇ሻܫሻߠ∆ ݀݇	

ሻݎ௢௕௦ሺܫ ൌ ∑ ,ݎ௜ሺܫ ,௜ߠ Δߠሻ௜       (2) 

where Ilamp is the lamp intensity, ηCCD is the detector quantum efficiency, and ηcoll is the 

optical collection efficiency.  χ is an empirical factor used to account for variations in lamp 

intensity/optical collection efficiency; this is the factor allowed to vary in the data fitting 10 

process. The lamp intensity/CCD efficiency factors are straightforward to obtain.  The 

collection efficiency term was defined as: 
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where θ’ is the angle between the incident light path and the objective axis (59.3o). This 15 

expression makes the geometric assumption that all scattered light which leaves the sample 

at an angle smaller than the acceptance defined by the objective lens (NA = 0.75) will be 

collected. Here, again, nmed was taken to be an average of ITO and MeCN values. This 

resulting scattering cross section-size curve for the calculations presented here is given in 

Figure 11. 20 

All data fitting was carried out using the “fminsearch” function (which follows the 

Nelder-Mead algorithm) in MATLAB. First, the extracted single particle transients were fit 

to sigmoidal functions: 

ሻܧሺܫ ൌ ௕௚ܫ ൅
஺ೞ೔೒

ଵା௘ೖቀಶషಶభ/మቁ
      (4) 

The average R2 value for single NP transient fits was about 0.994.  The amplitudes (Asig) 25 

were used as the values for the final particle scattering intensity.  The “turn-on” potential, 

Eon, was defined as: 
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௢௡ܧ ൌ ଵ/ଶܧ ൅ 2݇ିଵ      (5) 

Eon is illustrated graphically in Figure 12. Fitting of the experimental single particle 

scattering-size curve (generated by plotting sigmoid amplitude, Asig, as a function of particle 

size obtained via SEM) to the theoretical curve was used to generate a value for χ which 

effectively correlated the observed scattering intensity with particle size. From this point, 5 

the scattering intensity for individual particles was interpolated to obtain radius-potential 

curves. Single particle currents were generated according to: 
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These relations make the assumption of uniform spherical growth of the particles. Here, 

Qdep represents the total charge passed due to the reduction of Ag+.  ρAg, F, and MAg are the 10 

density of silver, Faraday’s constant, and atomic weight of Ag, respectively.  r is the 

nanoparticle’s radius. 

The model employed to calculate the profile of scattering intensity transients for the 

deposition of single NPs makes the following assumptions: (1) linear diffusion is 

established quickly, (2) each NP effectively “controls” a geometric area of the electrode 15 

surface, (3) the kinetics of Ag+ reduction are much faster (reversible) at the surface of 

deposited Ag than at the bare ITO surface, and (4) the diffusion constant of Ag+ ions in 

MeCN is not appreciably different than that for in H2O (D = 1.65 × 10-5 cm2 s-1). 

Assumption 1 is justified by considering the short time necessary for the diffusion layer 

thickness to grow to the average particle-particle distance observed in the DFS images. 20 

Once the initially spherical diffusion layers from nearby NPs collide, diffusion of Ag+ 

parallel to the substrate ceases as it consumed, resulting in the shift from spherical to linear 

diffusion behaviors. The geometric area of the ITO electrode covered by the diffusion layer 

for a single NP once linear diffusion is established will be referred to as the “effective” area, 

or Aeff. Only Ag+ ions approaching the electrode within the effective area for a given NP 25 

will be reduced at the nanoparticles surface and contribute to its growth. It is reasonable to 

assume that the kinetics of Ag+ reduction will be sufficiently quicker at the surface of the 

deposited Ag NPs. Working within these assumptions, the deposition current for the 

individual Ag NPs can be effectively modeled as the current at an electrode of area Aeff 

undergoing strictly linear diffusion. 30 
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The nanoparticles current is then: 

݅ே௉ሺܧሻ ൌ ஺௚శܥ௘௙௙൫ܣܨ݊
∗ ൯൫ܦݒ஺௚శ൯

ଵ
ଶΠቆܧ െ ଵܧ

ଶ
ሺܧሻቇ	

భܧ
మ
ሺܧሻ ൌ భܧ

మ
,௕௨௟௞ ൅ Δܧ௦௜௭௘ሺܧሻ ൌ భܧ

మ
,௕௨௟௞ െ ቀ

ଶఊಲ೒௏೘
௡ி

ቁ
ଵ

௥ሺாሻାோబ
    (7) 

where n is the number of electrons transferred in the redox reaction, F is Faraday’s constant, 

C* is the bulk concentration of Ag+, D is the diffusion constant of Ag+, v is the scan rate, 

and Π is the function which accounts for the shape of the i-E curve. As reversible electrode 5 

kinetics and linear diffusion are assumed here, the values for this function are well known 

and were taken directly from the literature (Bard, AJ; Faulkner, LR.  Electrochemical 

Methods: Fundamentals and Applications; John Wiley & Sons, Inc.: 2001). It has been 

long-proposed theoretically (Plieth, WJ. J. Phys. Chem.  1982, 86, 3166-3170; Henglein, A.  

J. Phys. Chem. 1993, 97, 5457-5471) and confirmed experimentally (Ivanova, O; 10 

Zamborini, FP.  JACS. 2010, 132, 70-72; Masitas, RA; Zamborini, FP.  JACS. 2012, 134, 

5014-5017) that the reduction potential of metal nanoparticles shifts positively with 

increasing particle size. This is accounted for in this analysis by including a size dependent 

potential shift based on the Plieth equation (Plieth, WJ. J. Phys. Chem.  1982, 86, 3166-

3170). This shift is the Esize term in equation (7), where Ag and Vm are the surface tension 15 

and molar volume for Ag, respectively. Since the standard form of the Plieth equation 

predicts an infinitely large negative reduction potential shift at r = 0 (theoretically 

forbidding NP formation), a phenomenological term, R0, was included. This parameter was 

set so that Esize(r=0) was equal to the experimental shift of smallest NPs reported in the 

literature (E  -107 mV for about 4 nm particles, R0 = 3.17 nm) (Ivanova, O; Zamborini, 20 

FP.  JACS. 2010, 132, 70-72). Example calculated i-E and scattering-E curves calculated 

with and without a size dependent E1/2 value are given in Figure 13.  The scattering-E curve 

was generated by using the relations in equation 6 to calculate a particle size as a function 

of electrode potential and then interpolating the σobs curve to obtain scattering intensities 

from these particle sizes. The single NP scattering trajectories were then fit numerically by 25 

varying the values of Aeff and E1/2. Distributions of the fitted parameters are given in Figure 

14. The theoretical form including the Esize term more closely fit the experimental 

scattering data; average R2 values for single NP transient fits were 0.97 and 0.93 with and 

without this correction. 

The experimental setup can be seen in Figure 15. Ag particles were deposited from 30 

MeCN containing Ag acetate and LiClO4 by ramping the ITO electrode potential 

cathodically (~0.1 V to -0.2 V vs. SHE). Simultaneously, light scattering at the electrode 
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surface was imaged over a ~100 × 100 µm sample area. Upon the application of sufficiently 

cathodic potentials, light scattering due to the presence of deposited AgNPs on the ITO 

electrode becomes detectable. This can be seen visually in the inset images in Figure 16, 

given at the indicated points along the sweep. The total measured scattering intensity and 

measured electrode current are included for reference. This total scattering intensity across 5 

the electrode surface exhibits shifts towards more negative potentials as one would expect 

with increasing sweep rates (Figure 17), due to the slow kinetics of Ag+ reduction at ITO. 

Individual diffraction limited spots (FWHM = ~350 nm) were resolved in the 

scattering images. For data analysis, spot location was carried out through custom 

MATLAB programs and resulted in several hundreds to thousands being detected per 10 

sample. For the sample depicted in Figure 16, 770 spots were detected, resulting in an 

apparent surface density of 7.55 × 106 spots • cm-2. The average distance between a given 

spot and its nearest neighbor is about 2.8 µm. This resulting density can be rationalized by 

considering the growth of spherical diffusion layers originating from nucleation sites on the 

electrode surface; the diffusion layer overlapping resulting from the deposition of individual 15 

particles would control the effective final particle sizes and density. Due to this well 

documented behavior, and the scanning electron microscopy (SEM) data to be discussed 

later, the diffraction limited spots in the final scattering images correspond to either “lone” 

or a few closely “grouped” particles, though it’s likely the observed particles result from 

several nucleation sites early in the deposition process. 20 

Some example scattering-potential transients for individual spots are given in Figure 

18A. The individual scattering transients were fit to obtain distributions of final scattering 

intensities (Asig), as shown as inset of Figure 18, and light scattering “turn-on” potentials 

(Eon) as shown in Figure 18. Detailed data fitting procedures are described above. The 

distribution of final scattering intensities is correlated with the final shape and size of the 25 

particles. Eon physically represents the electrode potential at which the scattering of light by 

the particle becomes detectable, which is dependent on the experimental configuration. For 

the configuration employed herein, the limit of detection in terms of particle diameter is 

about 46 nm (using a definition of 3 times the detection noise). The distribution in Eon 

values reflects a combination of several factors, including (1) variations in the required 30 

overpotential to drive Ag+ reduction at different sites on the ITO surface, (2) the 

proximity/overpotential of neighboring sites on the surface, and (3) variations in particle 

geometry and/or orientation with respect to the substrate. The observed Eon values span a 60 

mV range. Variations in the local overpotential could be due to inherent variations in the 
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defect sites on the ITO surface at which deposition occurs or to local variations in contact 

area with or conductivity of the ITO electrode. The Eon and Asig parameter values for 

individual NPs were found to be weakly correlated, with a more negative turn-on potential 

corresponding to a smaller final scattering intensity (Figure 19). The observed weak 

correlation can be due to several competing factors that affect the final deposited particle 5 

size: variations in the local ITO conductivity, distance from neighboring particles, and the 

potential at which those particles began to grow. 

While these results provide qualitative insight into the heterogeneity in the reduction 

of Ag+ at ITO, quantitative information on fundamental electrochemical parameters 

(reaction half potentials, kinetic parameters, etc.), rather than the empirical analysis 10 

discussed thus far, can also be provided. This can be done by correlating the observed 

scattering signal with the actual particle size. 

The measured scattering intensity can be expressed as Equation 2, as discussed 

above.  χ is a factor which accounts for the absolute lamp intensity at the sample surface, 

and is the quantity varied to perform the data fitting. Calculation of σi for spherical, 15 

homogeneous metal particles can be carried out directly using Mie theory; not knowing 

explicit values for all of the other quantities prevents one from obtaining a direct 

relationship between scattering intensity and particle size. To address this issue, correlated 

SEM measurements were carried out on the deposited particles. The particles corresponding 

to spots in the scattering image were identified via SEM and sized. Example SEM images 20 

can be seen in Figure 20A and B. The image in Figure 20A is overlaid with the scattering 

image obtained during the deposition process (Figure 21). Immediately evident is that there 

are particles on the ITO surface not visible in the scattering image. These particles are a 

combination of stray Al particles created during the deposition of the Al index and 

deposited Ag particles too small to be detected via scattering. The Al particles (and any 25 

other static defect) are ignored in the scattering analysis through a background correction 

procedure. The SEM analysis made it possible to unambiguously attribute the spots in the 

scattering image to scattering from lone or closely grouped particles. Of the ~40 correlated 

areas for the sample discussed here, roughly one-third could be unambiguously assigned to 

individual particles. More careful control over deposition parameters (e.g., employing a 30 

dual potential step instead of a sweep) can eliminate this issue by lowering the particle 

surface density further. The morphology of the deposited particles was found to be roughly 

spherical in nature. A histogram of obtained particle sizes is given in Figure 20C. The 

relationship between the scattering intensity and particle size for the lone particles can be 
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observed in Figure 20D (squares). The proper value of χ is obtained by a numerical fitting 

procedure using the scattering intensity values for the lone particles. The result of this 

fitting procedure is given as the curve in Figure 20D. For the spots found to correspond to 

small groups of particles, individual particle intensities can be extracted from the measured 

intensity according to the theoretical curve profile. The result of this process for the 5 

“grouped” spots in the SEM analysis is the triangles in Figure 20D. This illustrates that even 

in cases where a given diffraction limited spot does not correlate to an individual particle, 

the Mie theory approximation used in this analysis can still accurately agree with the 

measured intensity. 

Once the final scattering intensities have been “calibrated” against the SEM data, it 10 

becomes possible to convert single NP scattering transients into corresponding size 

transients. This process was carried out blindly for all 770 spots imaged optically. Once 

radius potential curves are in hand, it is then possible to estimate the Faradaic current for 

Ag+ reduction contributing to a given particle’s growth according to equation 6. Example 

single particle voltammograms can be seen in Figure 22A along with the distribution of 15 

peak potentials. Using the resulting single particle currents and the observed particle surface 

density, the bulk faradaic current density was then estimated from the scattering data and 

compared to the current density measured by the potentiostat (Figure 22B). The agreement 

between the calculated and measured current densities is impressive and supports the 

validity of the single NP scattering analysis. The discrepancy at more cathodic potentials 20 

can be due to the presence of undetected Ag particles, differing particle size distributions 

between the entire working electrode (~2 cm2) and 100 × 100 µm imaged area, or to non-

Faradaic processes occurring at the working electrode which are effectively ignored in the 

scattering analysis. Disagreement due to non-Faradaic processes actually highlights an 

important inherent advantage to this technique: the only processes which contribute to 25 

scattering signal are those considerably altering either the morphology of the nanoparticle or 

its surrounding dielectric environment. 

In order to obtain single particle i-E curves such as those given in Figure 22, no 

assumptions about the electrochemical behavior of the system (diffusion behavior, electrode 

kinetics, etc.) is required. This is due to the direct correlation between particle size and 30 

scattering intensity established through the SEM measurements. However, because the 

scattering analysis provides no information about the NPs’ growth until it reaches a 

detectable size, fitting the data to a theoretical model has value because it can help infer 

information about the behavior before this point. To this end, a model is disclosed for fitting 
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the single NP scattering data in terms of the local Ag+ reduction potential and effective 

electrode area the NP occupies.  

This technique has also been applied to observe the subsequent oxidation of the 

electrodeposited Ag particles. The results are given in Figure 23 and Figure 24. Oxidation 

of the Ag NPs is visible in the cyclic voltammagram at ~0.2 V vs. SHE. This correlates with 5 

a drop in total scattering intensity for the ensemble of deposited particles of about 10%. The 

relative reduction in scattering intensity for single particles upon oxidation varies from 

particle to particle, not being visible at all in some cases (e.g., Figure 24).  

 

Example 2 10 

A MATLAB program was developed to help analyze single silver nanoparticle 

spectroscopic data obtained with a standard inverted optical microscope. The described 

software has provisions to mitigate the effects of high background signals present in such 

data sets and greatly streamlines their analysis. Efficient single nanoparticle image analysis 

is provided with these programs to support single nanoparticle imaging in an inverted 15 

configuration. 

Dark field scattering was collected through an X40 objective using a CCD camera 

(Andor iXon). Light scattering movies were recorded as a function of working electrode 

potential, as described earlier, at 50 ms resolution and saved as a Tagged Image File Format 

(TIFF) image stack. 20 

Single molecule video files were analyzed using a MATLAB program that follows 

the process outlined in Figure 25.  Typically, the data was input as TIFF image stack. 

Every frame of the image stack was first summed to create a “raw” image.  This can 

be seen in Figure 26.  Due to the relatively low signal-to-noise ratio for these 

measurements, a large, inhomogeneous background signal was often present.  This made 25 

locating active sites within the image by setting a simple intensity threshold difficult. To 

combat this, the discrete gradient norm (Gij) and Laplacian (Lij) for the image were then 

computed from the RAW image as: 

௜௝ܩ ൌ ටൣ൫ ௜݂ାଵ,௝ െ ௜݂௝൯ ൅ ൫ ௜݂௝ െ ௜݂ିଵ,௝൯൧
ଶ
൅ ൣ൫ ௜݂,௝ାଵ െ ௜݂௝൯ ൅ ൫ ௜݂௝ െ ௜݂,௝ିଵ൯൧

ଶ
	

௜௝ܮ ൌ
ଵ

ସ
൫ ௜݂ାଵ,௝ ൅ ௜݂ିଵ,௝ ൅ ௜݂,௝ାଵ ൅ ௜݂,௝ିଵ൯ െ ௜݂௝    (12) 

The Raw, Gradient, and Laplacian images were visually mixed to generate a composite 30 

image which best resolves individual molecules and effectively “flattens” the background. 

Upon setting an appropriate intensity threshold, the active pixels adjacent to one another 
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were grouped together into “spots”, each representing a single nanoparticle. Dark field 

scattering trajectories for single nanoparticles were then extracted by adding the intensities 

for each pixel in a given spot and subtracting a background value on a frame-by-frame 

basis. 

For a given spot, the bordering pixels’ intensities were averaged together to generate 5 

a suitable background value and subtracted according to: 

ܵ ൌ ∑ ௔݂ െ
ேೌ
ே್
∑ ௕݂      (13) 

where S is the molecule’s fluorescence intensity, fa are the intensities for the active pixels, 

and fb are the intensities for the background pixels.  The effects of the background 

separation can be seen in Figure 26.  A screenshot of this programs’ interface can be seen in 10 

Figure 27. 

Other advantages which are obvious and which are inherent to the invention will be 

evident to one skilled in the art.  It will be understood that certain features and sub-

combinations are of utility and may be employed without reference to other features and 

sub-combinations.  This is contemplated by and is within the scope of the claims.  Since 15 

many possible examples may be made of the invention without departing from the scope 

thereof, it is to be understood that all matter herein set forth or shown in the accompanying 

drawings is to be interpreted as illustrative and not in a limiting sense. 
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CLAIMS 

What is claimed is: 

1. A system comprising: 

a) an electrochemical cell comprising 

i. a working electrode in electrochemical contact with a liquid 

sample comprising an analyte; 

ii. a sample containment vessel comprising a top end, a bottom end, 

an exterior surface, and an interior void defined by an interior 

surface; 

wherein the bottom end forms a liquid tight seal with the 

working electrode;  

wherein the liquid sample is contained in the volume defined 

by the interior void of the sample containment vessel and the 

working electrode;  

iii. one or more additional electrodes in electrochemical contact with 

the liquid sample; and 

iv. a power supply electrically coupled to the working electrode and 

the one or more additional electrodes; 

b) a light source configured to illuminate the liquid sample; and 

c) an instrument configured to capture an optical signal from the liquid 

sample. 

2. The system of claim 1, wherein the sample containment vessel further comprises a 

channel that punctuates the interior surface and leads through the sample 

containment vessel to the top end or exterior surface of the sample containment 

vessel,  

wherein the one or more additional electrodes can be inserted through the 

channel such that the one or more additional electrodes are in electrochemical 

contact with the liquid sample; and  

wherein the one or more additional electrodes form a liquid tight seal with 

the channel. 

3. The system of any of claims 1-2, further comprising a first lens. 

4. The system of claim 3, wherein the system is configured such that the light source 

and the instrument are below the first lens, and the electrochemical cell is above the 

first lens. 
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5. The system of claim 4, where in the first lens is a microscope objective. 

6. The system of claim 3, further comprising a second lens. 

7. The system of claim 6, wherein the system is aligned such that:  

the first lens is above the instrument; 

the electrochemical cell is above the first lens; 

the second lens is above the electrochemical cell; and 

the light source is above the second lens. 

8. The system of claim 7, wherein the first lens is a dark field microscope objective and 

the second lens is a dark field microscope condenser. 

9. The system of any of the claims 1-8, further comprising a computing device 

comprising a processor and a memory operably coupled to the processor, the 

memory having further computer-executable instructions stored thereon that, when 

executed by the processor, cause the processor to:  

receive an electrochemical signal from the power supply; 

receive an optical signal from the instrument; 

process the electrochemical signal to obtain an electrochemical parameter; 

process the optical signal to obtain an optical parameter; 

optionally correlate the electrochemical parameter to the optical parameter to 

obtain an optoelectrochemical parameter; and 

output the electrochemical parameter, the optical parameter, the 

optoelectrochemical parameter, or combinations thereof. 

10. The system of any of the claims 1-9, wherein the interior surface of the sample 

containment vessel is substantially non-conductive. 

11. The system of any of the claims 1-10, wherein the working electrode is substantially 

optically transparent. 

12. The system of any of the claims 1-11, wherein the working electrode comprises an 

indium tin oxide (ITO) coated coverslip. 

13. The system of any of the claims 1-12, wherein the instrument is a camera. 

14. The system of any of the claims 1-13, wherein the light source comprises an 

artificial light source. 

15. The system of claim 14, wherein the artificial light source comprises an arc lamp. 

16. The system of claim 14, wherein the artificial light source comprises a laser. 

17. A method comprising 

a) providing an electrochemical cell comprising  
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i. a working electrode in electrochemical contact with a liquid 

sample comprising an analyte; 

ii. a sample containment vessel comprising a top end, a bottom end, 

an exterior surface, and an interior void defined by an interior 

surface; 

wherein the bottom end forms a liquid tight seal with the 

working electrode;  

wherein the liquid sample is contained in the volume defined 

by the interior void of the sample containment vessel and the 

working electrode; 

iii. one or more additional electrodes in electrochemical contact with 

the liquid sample; and 

iv. a power supply electrically coupled to the working electrode and 

the one or more additional electrodes; 

b) capturing an electrochemical signal from the liquid sample; 

c) capturing an optical signal from the liquid sample; 

d) processing the electrochemical signal to obtain an electrochemical 

parameter; 

e) processing the optical signal to obtain an optical parameter; 

f) optionally, correlating the optical parameter to the electrochemical 

parameter to obtain an optoelectrochemical parameter. 

18. The method of claim 17, wherein the optical signal comprises dark field scattering, 

electrogenerated chemiluminescence, fluorescence or a combination thereof. 

19. The method of any of the claims 17-18, wherein the optical parameter comprises 

nanoparticle size. 

20. The method of any of the claims 17-19, wherein the optoelectrochemical parameter 

comprises the potential at which individual nanoparticles, clusters of nanoparticles, 

or a combination thereof of a specific size are formed.  

21. A sample containment vessel, comprising a top end, a bottom end, an exterior 

surface, and an interior void defined by an interior surface 

wherein the sample containment vessel is configured to receive a working 

electrode; 

wherein the bottom end forms a liquid tight seal with the working electrode;  
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wherein the volume defined by the interior void of the sample containment 

vessel and the working electrode is configured to contain a liquid sample; 

and 

wherein the working electrode can be in electrochemical contact with the liquid 

sample. 

22. The sample containment vessel of claim 21, further comprising a channel that 

punctuates the interior surface of the sample containment vessel and leads through 

the sample containment vessel to the top end or exterior surface of the sample 

containment vessel,  

wherein the channel is configured to receive one or more additional electrodes 

such that the one or more additional electrodes are in electrochemical 

contact with the liquid sample; and  

wherein the one or more additional electrodes form a liquid tight seal with the 

channel. 

23. The sample containment vessel of any of the claims 21-22, wherein the volume 

defined by the interior void is from 5 mL to 1 µL.  

24. The sample containment vessel of any of the claims 21-23, wherein the sample 

containment vessel is configured to reside in a microscope.   
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ABSTRACT 

Provided herein are systems and methods for the detection, quantification, and/or 

monitoring of analytes in samples.  The systems and methods can be used, for example, to 

track the deposition of individual nanoparticles and nanoparticles clusters clusters in situ 

with high spatial and temporal resolution. The systems and methods can be used to track the 

deposition of several hundreds to thousands of nanoparticles simultaneously and reconstruct 

their voltammetric curves at the single nanoparticle level. 
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