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Objectives of Work

• Explore methods of immobilizing various 
chemically selective coatings on MEMS,
microcantilever (MC) surfaces.

• Study the response characteristics of chemically 
modified MCs to various analytes of interest.

• Physically modify MC surfaces with nano- or 
micro-structure to increase the available chemical 
coating for analyte binding and enhance response 
by magnifying analyte-induced MC bending.

• Rationally design macrocycle receptors as 
chemical phases that provide desirable molecular 
recognition characteristics using molecular 
mechanics modeling and synthetic methods.

• Conduct detailed evaluation of the analytical 
figures of merit for chemically modified MC sensors 
for measuring DOE significant analytes.

• Work toward the development of sensor arrays and 
the implementation of photon absorption modes of  
analyte measurement.



Modification of Microcantilever Surfaces 
for Improved Selective Response

Reagents Phases Under Investigation (selectivity & 
improved response)

• polysiloxane GC phases T
• sol gels T
• cyclodextrins T
• DMBP polymers ^̂
• calixarenes

Nano-Structuring Approaches (general improvement in 
response)

• meso-porous sol gels T
• Au nano-beads T
• silica nano-beads
• amorphous Au (dissolution of Au-Ag alloys)

T - reported herein

^̂ - see    J. Headrick, M. Sepaniak, S. Alexandratos, P. Datkos, 
“Chelating Scintillation Fibers for Measusrements of 137Cs,” 
Analytical Chemistry, in press, Spring 2000 (copies available).



MEMS-Based on microcantilevers, 
MC (see SiNx, ion milled MC in 
Figure 1) can be used for sensing.
Analyte induced differential stress ∆s 
can result in deflection (Z) where ν
and E are, respectively, the Poisson’s 
ratio and Young’s modulus for the 
substrate, t is thickness of the MC 
and l is effective length.

3l2 (1 – νν)
Zmax = --------------- ∆∆s

Et2

Figure 1

MC deflection (Zmax) can be accomplished by using an apparatus as in 
Figure 2.

Figure 2

Microcantilever Apparatus



Photograph of SP2340-Coated Cantilever

Details
Phase is dissolved in acetone (0.03 – 3.0 w/w%) and spin 
coated on silicon cantilevers at thickness of ~50-50 nm.  
The excess phase is removed from backside of cantilever 
using FIB (the process is in progress in the photo).  FIB is 
also used to reduce the thickness of the silicon from 600 
nm as supplied by manufacturer.



Cantilever Responses
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Response Characteristics of MC 
Normalized to Vapor Pressure
______________________________________________________
Analyte Response Factors

(maximum signal/vapor pressure) Volts /Atm

Uncoated SP 2340 Coated ∆
(Trace B) (Trace C)

______________________________________________________
Pentane -0.54 0.15 0.69
Toluene -15 4.6 20
Aniline -690 120 810
MeCl2 -1.0 1.8 2.8
Ethanol -1.6 11 13
Water -26 5.5 31
_____________________________________________________

• Blank phase response is similar to adsoption strengths on silica
gel.

• The stress caused by absorption of analytes by SP 2340 phase
overcomes that by the blank. 

• Selectivity for Blank is fairly similar to that for the highly polar
SP 2340 phase (the exception is water which is known to strongly
adsorb on silica gel).



Effect of Thickness on Response (S/N)

SP 2350 Film

50 150 400 nm
Ethanol 145 85 35

Aniline 110 40 20

Silicon Cantilever

460 360 300 260 nm
Ethanol 5 31 85 67

Aniline - 10 40 24



Response Characteristic Correlate with 
GC Phase Classification Schemes

SP 2340 OV 25
“ polycyano ”         “ polymethylphenyl ”

Relative McReynolds Constants for Some Classification 
Compounds

Butanol (y’) 103 87
2-pentanone (z’)       90 89
Pyridine (s’)          108 120

Note: Values listed above are % of the average constants for the phase.

Signal-to-Noise Ratios for Some Test Analytes

Ethanol 56 24
MeCl2 53 48
Aniline 8 20

Results
The McReynolds constants indicate that SP 2340 will respond 
better to alcohols than OV 25, whereas the OV 25 is expected to 
respond better to the base aniline.  The MeCl2 (hydrogen bond 
acceptor with dipole moment) is expected to exhibit similar 
responses.  These trends are generally observed in the listed S/Ns.  
Thus, GC phase classification schemes may assist in selecting 
phases for the elements in a sensor array that respond differentially 
to the chemicals of interest.



Sol-Gel Process

Hydrolysis

Condensation

OR  +  H

Si

OH  +  HO    +  H2OSi O SiSiSi

Si 2O OH  +  ROHSi

OR  +  HO  Si   +  ROHSi O Si

Modification of MCs with Sol-Gels To -

• Provide silica gel-based adsorptive sites.

• Increase effective surface area for binding
via porous nano-structure.

• Provide silanol sites for covalent
attachment of chemically selective
reagents.



Sol-Gel Cantilever Preparation

Cantilever Cleaning
Piranha solution (3:1, H2SO4:H2O2) for > 3 hours.

Sol-Gel Preparation
1.  125 µl H2O
2.  15 µl 0.01 M HCl
3.  250 µl MeOH
4.  300 µl TMOS

Spin Coating Procedure
6 hours into the sol-gel process, 50µl of sol is 
deposited onto the spinning cantilever holder.  The 
holder is initially spinning at 1500 rpm for 10 
seconds, followed by a spin rate of 6000 rpm for 2 
minutes to evaporate all remaining solvent.  Sol-gel 
thickness was in the range of 50 – 100 nm.

Curing
Cantilevers placed in oven at 100 oC for 12 hours

Aqua Regia Treatment
Cantilevers soaked in HCl:HNO3, 3:1 to remove 
gold layer and sol-gel on backside



Response of Unmodified Sol-Gel 
Cantilever to Selected Analytes
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Cyclodextrins as Macrocycle Receptor Phases 
in MC sensing

• Available in native (alpha, beta, and gamma) and
many derivatized forms (an excellent reaction platform)

• Apolar cavity for hydrophobic interactions with analytes
(shaped somewhat like a tea cup with truncated bottom)

• Polar interactions with secondary hydroxyl (or other 
functional groups 

• Size, shape, and chiral recognition possible

• Can be functionalized at primary hydroxyl sites for
immobilization on cantilever surface



Molecular Mechanics Modeling Approach
A grid search method of conducting molecular mechanics 

modeling is used to systematically probe the interaction 
space between the solute and the CD with appropriate 
degrees of freedom and resolution.  A program was written 
for Sybyl 6.5 to incrementally translate and rotate the solute 
molecule into the cyclodextrin. (Figure 1).  The interaction 
energy can then be used to create a 3-D energy contour plot 
(Figure 2).

Figure 1 Figure 2
Key Objectives:

• Correctly find the best conformations of the complex.
• Correctly determine the energies of these conformations.
• Determining the most appropriate way to use this data to

determine a representative average interaction energy <e>.
ΣΣ gi ei exp-(ei/kT)                            

<e>  =     ---------------------

ΣΣ gi exp-(ei/kT)



MicroCantilever Sensors-Modeling

• Mercapto-CDs can be immobilized on gold coated MCs to impart 
tunable selectivity.

• Preliminary MM modeling experiments are being performed to 
pick suitable CDs for selective MC detection of various toxins such 
as the tear agents shown below.  Strategies used to synthesize
Mercapto-CDs will be modified based on the MM modeling results.

• As expected the hexakis-2,3-dimethyl-6-mercapto-α-CD, HDMM-
α-CD, with the secondary hydroxyl groups of hexakis-6-mercapto-α-
CD, HM-α- CD, replaced by methyl groups exhibits less favorable 
interaction energies in general because of weaker electrostatic 
interactions.  

• The CBMN appears to have stronger interactions due to its more
electronegative halogen and an additional cyano group.

Bromobenzylcyanide (BBCN) O-Chlorobenzylmalonitrile (CBMN)

Interaction Energy (kcal/mol)
Solute HM-αα-CD HDMM-αα-CD HM-ββ-CD

BBCN: -18.79 -15.32 -17.77
CBMN: -20.09 -15.42 -18.84



Synthesis of CDs for MC Applications

• Siloxane linkages to silica surfaces

• Thio linkages to gold surfaces

Hexakis-alfa- and heptakis-beta-6-mercapto-
CDs have been synthesized
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Molecular Recognition Using MCs 
With Cyclodextrin Receptors

Responses of DMN's on Alpha and Beta Cyclodextrin Treated Cantilevers
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Nano-structuring (with beads) With Aim 
of Enhancing Analyte-Induced Bending

A.

B.

Depicted above in Figure A is a monolayer of 
cyclodextrins (      ) on microbeads attached to MC
surface.  As the solute (u) is introduced to the sensor in 
Figure B, stresses are translated to the MC surface 
causing bending which is measured as the signal.  SPR 
results indicate feasibility of this approach.
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