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Abstract 

A diverse range of 4-dimethylaminopyridinium (DMAP) bis(trifluoromethylsulfonyl)-amide ionic liquids 
with specific functionalities (alkyl, alkoxy, hydroxyalkyl and benzyl) were designed, characterized and 
compared with their pyridinium analogs in terms of their physical and radiolytic properties. The influence of 
the dimethylamino group on ionic liquid structure was investigated by X-ray diffraction and molecular 
dynamics simulations. The influence of the electron-donating ability of the dimethylamino-substituted cation 
is evident in the differences in the electronic density of states between the DMAP and pyridinium ILs. This 
leads to substantial changes in the radical transients observed in pulse radiolysis of the neat ILs. It was found 
that the DMAP salts were higher melting, more viscous and less conducting than their pyridinium analogs. 
However, the DMAP salts exhibited higher thermal stabilities and could therefore be useful for high-
temperature applications. 

Keywords: ionic liquids; 4-dimethylaminopyridinium (DMAP); pyridinium; radiolysis; thermal stability; 
viscosity; conductivity; X-ray scattering; electronic structure; molecular dynamics 

1. Introduction

Ionic liquids have become central to several modern sustainability challenges [1–3]. Their negligible vapor 
pressure and tunable redox windows make them uniquely suited to processes that seek to close materials 
cycles, whether through selective recovery of critical metals from electronic waste [4,5], or electrochemical 
conversion of captured CO2 [3,6]. These desirable properties also make them potentially very useful as 
alternative media in separation processes for the recycling of spent nuclear fuel and exposure to 
electrochemical extremes in batteries and supercapacitors [7–10]. 
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High-value metal recycling, for example, demands solvents that can withstand strong oxidants while offering 
task-specific coordination environments [4,5], whereas CO2 electroreduction electrolytes require wide 
potential windows and tailored solvation shells to stabilize key intermediates [11,12]. In nuclear technology, 
the same attributes enable efficient partitioning of actinides and fission product lanthanides under intense 
radiation and elevated temperatures, thereby supporting safer, more resource-efficient fuel cycles [13,14]. 
Harnessing the compositional flexibility of ILs to meet these varied yet interconnected needs underscores their 
importance to a circular, low-carbon energy and materials landscape [2,3,15]. 

In such applications, ILs will be exposed to ionizing radiation, and it is important to understand the factors 
that control their radiation stability. Previous work has shown that the capture of electrons by imidazolium 
cations leads to unstable intermediates that could result in permanent fixation of radiation damage, which 
would be detrimental to spent nuclear fuel reprocessing systems [16–18]. On the other hand, Neta and 
coworkers have shown that the reduction products of pyridinium cations can be reversibly reoxidized in ILs 
[19,20], pointing to potential ways to limit radiation damage accumulation and control metal ion redox 
speciation. 

Although pyridinium salts figured prominently in early investigations of ionic liquids [21], they are not as 
frequently studied today compared to the imidazolium, ammonium/pyrrolidinium, and phosphonium IL 
families. Whereas pyridinium ILs have been investigated [22], for various applications, the analogous family 
of ILs based on 4-dimethylaminopyridine (4-DMAP) has been investigated less, although they have recently 
gained increasing attention. Foundational studies of 4-DMAP bis(trifluoromethylsulfonyl)amide (NTf2−) salts 
by Brenneke et al. [23] date back to 2005, wherein they reported some of the highest thermal-decomposition 
onsets known at the time for ILs, and more recent work [24,25] has expanded on this for other DMAP ILs. 
However, to our knowledge, a comprehensive comparison of 4-DMAP NTf2 ILs with their pyridinium analogs 
remains missing, a void the present study aims to fill. Overall, it was found that DMAP NTf2 salts decompose 
tens of degrees higher than their pyridinium analogs, widening the operational window for high-temperature 
catalysis and electrochemistry [23]. Brenneke [23] explicitly highlights DMAP NTf2 having exceptional 
stability to the dimethylamino substituent in the para position of the pyridine ring, a result that agrees with our 
current findings. Pernak et al. also reported similar trends in decomposition temperatures, but additionally 
measured melting points of 4-DMAP and 3-DMAP salts [26]. Additionally, while Merck disclosed initial heat 
capacities for several DMAP NTf2 salts [27], follow-up studies by Lall-Ramnarine et al. expanded available 
data to include glass transition temperatures, viscosities, densities, and conductivities for similar 4-DMAP ILs 
[18,19]. 

Building on these physical property insights, we next examined the electronic consequences of dimethylamino 
substitution. Our study of electron transfer reactions involving DMAP-based cations as electron donors [28] 
prompted us to further explore the DMAP cation family, since important differences exist in the electronic 
structure of the cations when the dimethylamino group is incorporated. Compared with unsubstituted 
pyridinium cations, 4-dimethylaminopyridinium (DMAP) cations expose a strongly electron-donating NMe2 
group that increases ring basicity/nucleophilicity and accelerates acylation, esterification, and cyclic carbonate 
syntheses [29,30]. These differences affect the electronic properties of the condensed phase liquid as a whole 
since the nature of the HOMO level is involved (vide infra). 

It has also been demonstrated that the electronic enrichment provided by the NMe2 substituent can also confer 
additional functional attributes to DMAP-based ionic liquids. Tunable substitution on the DMAP framework 
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enables task-specific, sometimes bifunctional, IL catalysts, while simple quaternization routes keep syntheses 
economical [26,29,30]. The Pernak research group showed that 3-DMAP chlorides with alkoxymethyl 
substituents possess strong antielectrostatic and antimicrobial activity [31], with related pyridinium/DMAP-
family ILs displaying similar antimicrobial potency [32,33] along with distinctive physical properties. For 
example, Andreev et al. employed 4-DMAP azide salts in protic ILs as safe HN3 surrogates for multigram 
azidation chemistry [34]. Beyond neutral or weakly basic salts, 4-DMAP chlorosulfonate behaves as a 
monoprotic Brønsted acid IL without acting as a sulfonating agent, altering thermal and physical behavior 
relative to neutral DMAP counterparts [25]. Separately, tailoring the benzylic hydrogen acidity in DMAP-
based cations can dramatically boost catalytic efficiency for the atmospheric-pressure cycloaddition of CO2 
to epoxides, achieving near-quantitative yields of cyclic carbonates under mild conditions [30]. Finally, while 
pyridinium-based ILs have been more generally investigated as corrosion inhibitors, specific DMAP-cation 
corrosion protectants are beginning to be noticed for the same application [35,36]. These advantages motivate 
a detailed comparison of functionalized 4-DMAP ILs vs. their pyridinium analogs in the present study. 

To address this gap, we integrate thermophysical measurements, X-ray scattering, molecular dynamics 
simulation, and pulse radiolysis spectroscopy into a systematic structure–property study. Specifically, we 
compare four 4-DMAP bis(trifluoromethylsulfonyl)amide salts—bearing butyl, ethoxyethyl, hydroxypropyl, 
and benzyl groups—with their unsubstituted pyridinium congeners to disentangle electronic effects of the 
NMe2 substituent from steric contributions of the side chains, emphasized below in Figure 1. The results that 
follow quantify how dimethylamino substitution modulates liquid structure, transport, and radiation chemistry, 
and they highlight design principles for task-specific IL development. 

Figure 1. Structures of the cations used in this study. 

2. Materials and Methods

2.1. Materials and Synthesis

All chemicals used for the syntheses were reagent grade and used without further purification. All organic 
reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA). Lithium bis(trifluoromethylsulfonyl)-
amide (LiNTf2) was purchased from IoLiTec Ionic Liquids Technologies GmbH (Heilbronn, Germany), and 
deionized water was produced by a Millipore (Burlington, MA, USA) Milli-Q deionizing system. 1-Benzyl-
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2-picolinium NTf2, 1-benzyl-3-picolinium NTf2 and 1-benzyl-4-picolinium NTf2 for the DSC studies were
kindly provided by Dr. Huimin Luo of Oak Ridge National Laboratory [37]. Full details of the reagents for
synthesizing ionic liquids used in this study and synthetic procedures for all ionic liquids are provided in
Section S1 of the Supporting Information.

2.2. Characterization Experiments 

The structures of all products and intermediates were confirmed using 1H and 13C nuclear magnetic resonance 
(NMR) spectroscopy. Spectra were obtained using a Bruker (Billerica, MA, USA) 400 MHz NMR 
spectrometer. Deuterated dimethylsulfoxide (DMSO-d6) or deuterium oxide (D2O) was used as the NMR 
solvent. 

The water content of the samples was determined using a Mettler Toledo (Greifensee, Switzerland) DL39 
coulometric Karl Fischer titrator connected to an analytical balance. Densities for room-temperature ionic 
liquids were measured gravimetrically using a 1 mL volumetric flask. The density of BzDMAP NTf2 was 
measured gravimetrically at 70 °C using a 100 µL pipette in triplicate. Viscosities were measured with a 
Cambridge Applied Systems (Medford, MA, USA) ViscoLab 4100 electromagnetic reciprocating piston 
viscometer that was temperature-regulated by a Lauda (Lauda-Königshofen, Germany) RM-6 circulating bath 
filled with a 70/30 v/v propylene glycol/water mixture. The viscometer was calibrated with a S600S viscosity 
reference standard from Koehler Instrument Company (Bohemia, NY, USA). Two instruments were used to 
measure conductivities over the course of this work. Conductivity measurements on 3-MeBzPy NTf2 and 3-
MeBzDMAP NTf2 were performed with a YSI model 3200 Conductivity Instrument fitted with a YSI model 
3253 probe, inserted into a temperature-controlled jacket attached to the same circulating bath as the 
viscometer. The probe was calibrated using an aqueous 0.053% KCl calibration solution, YSI 3167, 1000 ± 
10 μS cm−1 at 25 °C, from Yellow Springs Instruments (Yellow Springs, OH, USA). All other conductivities 
were measured at 25 °C by complex impedance measurements using a computer-controlled Hewlett-Packard 
(Palo Alto, CA, USA) 4129A impedance analyzer in the frequency range from 5 Hz to 10 MHz. The samples 
were placed into a homemade cell consisting of a scintillation vial with electrodes inserted through the cap. 
The cell constant was determined using the KCl calibration solution described above. 

A TA Instruments (New Castle, DE, USA) Q100 differential scanning calorimeter (DSC) was used to 
determine melting points and glass transition temperatures (Tg), and a TA Instruments Q500 thermogravimetric 
analyzer (TGA) was used for the determination of thermal decomposition profiles. Scan rates were 5 °C/min 
for DSC and 10 °C/min for TGA. For the TGA measurements, the temperature was first ramped from ambient 
to 100 °C and equilibrated there for one hour to drive off any trace of water before the scan was resumed. The 
obtained DSC and TGA data were analyzed using Universal Analysis 2000 software provided by TA. 

2.3. Pulse Radiolysis Experiments 

Pulse radiolysis experiments on the ionic liquids were performed at the BNL Laser-Electron Accelerator 
Facility (LEAF) [38]. Samples of pyridinium and DMAP ILs, either neat or dissolved (20–100 mM) in 
C4mPyrr NTf2, were placed in 1 cm path length Suprasil self-masking semi-micro spectrometer cells that were 
capped with silicone septa. Each sample was deoxygenated by argon bubbling for at least 20 min. In the case 
of viscous ionic liquids, the cuvettes were warmed to 40–50 °C to reduce their viscosity while bubbling, except 
for neat BzDMAP NTf2, which was bubbled at 70 °C. Pulse radiolysis measurements were carried out as 
described previously [39–43]. These measurements were performed at 22 °C, except for neat BzDMAP NTf2, 
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which was measured at 70 °C. Tetrahydrofuran (THF) and dichloroethane (DCE) were used as additives. 
Diluted solutions of 10 mM C4Py NTf2 in DCE and 10 mM C4DMAP NTf2 in both THF and DCE separately 
were prepared gravimetrically using 1 mL volumetric flasks with transfers occurring via micropipette aliquots. 
These were then transferred into an Argon glovebox, where they were diluted to 1 mL with either DCE or 
THF. The THF was triple distilled under liquid NaK to ensure high purity. Wavelengths for optical detection 
were selected using 10, 25 or 40 nm band-pass interference filters. Experimental data were collected using a 
system based on LabVIEW software, National Instruments, Inc. (Austin, TX, USA), and analyzed with 
routines written within the framework of Igor Pro software version 9 from Wavemetrics, Inc. (Portland, OR, 
USA). Second-order rate coefficients for solvated electron capture by the DMAP and pyridinium cations 
dissolved (20–100 mM) in C4mPyrr NTf2 were obtained by fitting pseudo-first-order electron decay rate 
coefficients measured at 900 nm as functions of R-DMAP NTf2 or R-Py NTf2 concentration. Pre-solvated 
electron capture efficiency coefficients (Q37) for each cation were obtained from the electron decay transient 
absorption data at 900 nm as described by Shkrob [44] et al. G-epsilon scaling was performed via atomic 
number/atomic mass (Z/A) ratio and mass density scaling with dosimetry measured using an aqueous 10 mM 
KSCN dosimetry solution (G100 ns = 6.95 per 100 eV, ε472 = 7600 M−1 cm−1) [45]. 

2.4. X-Ray Scattering Experiments 

The ionic liquid samples were dried on a Schlenk vacuum line at a pressure of 10−2 mbar at 318 K for 48 h. 
The samples were then back-filled with argon and transferred to an argon glove box, where they were 
transferred to an X-ray quartz capillary (2.0 mm outer diameter, Hampton Research (Aliso Viejo, CA, USA) 
HR6-150, and sealed with Hampton Research HR4-328 capillary wax. The sample height in the capillary was 
about 25 mm. The quartz capillary was then cooled down in a copper holder immersed in liquid nitrogen. 
After waiting 10 min for the sample to cool down, the top of the quartz capillary was flame sealed. 

X-ray diffraction experiments were performed at beamline 11-ID-C of the Advanced Photon Source (APS) at
Argonne National Laboratory (ANL). The experimental methods have been described previously [46–48].
The X-ray beam energy was 114.99 keV (wavelength 0.108040 Å) with a beam size of 0.2 × 0.2 mm2. A
Perkin Elmer amorphous silicon 1621 CN3-EHS detector was used to collect the diffraction patterns. The
sample-to-detector distance (766.5 mm), beam center and the detector tilt were calibrated using the data
collected from a cerium oxide standard. X-ray diffraction data were collected with 10 min exposure time (6
s/frame, 20 frames/file and 5 files/data set). An Oxford Cryosystems (Long Hanborough, Oxfordshire, United
Kingdom) Cryostream open-flow cooling system was used for sample temperature control. All the
experiments were performed at 295 K. The diffraction data, I(q), were collected within a q range of 0.2~15
Å−1, where q = (4π sinѲ)/λ, Ѳ is the diffraction angle, and λ is the X-ray beam wavelength (0.108040 Å).
Fit2D software [49] version 12.007 was applied to integrate the experimental data and convert them to I(q).
PDFgetX2 program version 1.0 written by Qiu et al. [50] was then applied to obtain the structure factor S(q).

2.5. Molecular Dynamics Simulations 

2.5.1. Algorithmic Details 

To investigate the structure of C2OC2DMAP NTf2, C4Py NTf2, C4DMAP NTf2, C8DMAP NTf2 and C10DMAP 
NTf2, we generated boxes containing 1000 ion pairs. All systems were initially energy-minimized using the 
steepest descent algorithm as coded in GROMACS software version 4.5.5 [51,52]. Subsequently, systems 
were equilibrated at 298 K and 1 bar by slowly increasing charges from 0% to 100% of their nominal value 
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in 2.65 ns; this portion of the equilibration was done using the V-rescale thermostat [53] and the Berendsen 
barostat [54], as coded in GROMACS. The next equilibration step was simulated annealing, where the 
temperature was gradually increased to 500 K and slowly decreased back to 298 K in 6 ns. Finally, production 
runs were 6ns in duration at 298 K and 1 bar using the Nose–Hoover thermostat [55–57] and the Parrinello–
Rahman barostat [58], as coded in GROMACS. The last 1 ns in the production run was used to compute the 
total and partial subcomponents of S(q). For all MD runs, equations of motion were integrated using the leap-
frog algorithm [59] with a time step of 1 fs as coded in GROMACS. The Particle Mesh Ewald algorithm 
[60,61] with an interpolation order of 6 and Fourier grid spacing of 0.08 nm was used to handle coulombic 
interactions under periodic boundary conditions. The cutoff for LJ and real space part of the Coulomb 
interactions was set to 1.5 nm. Procedural details for the calculation of S(q) and its subcomponents have been 
given in various prior articles from our groups [46,48,62–72]. 

In order to obtain electronic structure information in the condensed phase for our five systems, classical MD 
simulations of smaller boxes (each containing 8 ion pairs) were conducted using an identical procedure to that 
described above. However, in this case, production runs were 15 ns in duration, and 10 snapshots were saved 
for further analysis from the final 10 ns of each run. To adjust bond lengths and angles to conform with the 
DFT potential energy surface, each of these liquid snapshots was subjected to an ab initio conjugate gradient 
energy optimization. One of these snapshots was used to compute the projected density of states; the overall 
HOMO-LUMO gaps reported in Table S9 of the SI were averaged over all 10 minimized liquid snapshots. 
Our liquid-phase ab initio calculations were carried out using the SIESTA software[73–75] version 4.0 using 
the Perdew, Burke, and Ernzerhof (PBE) [76] flavor of the generalized gradient approximation (GGA) and 
norm-conserving pseudopotentials. These non-relativistic Troullier–Martins pseudopotentials [77] were 
generated and tested in our prior studies of ionic liquids [71,78]. A split double zeta plus polarization basis set 
(PAO) with a 0.025 eV energy shift and 100 K electronic temperature was used. Our mesh cutoff was 250 Ry, 
corresponding to a real space resolution of about 0.1 Å. We conducted Brillouin sampling on the Γ point only. 

2.5.2. Classical Force Field Details 

Our liquid-phase simulations used the Canongia-Lopes and Padua force field [79] for the NTf2 anion (see 
Figure S2 in the Supporting Information for representative equilibrated simulation boxes). For simulations of 
C4Py NTf2, we used the Acevedo [80] parameters specific for the C4Py cation, except that three dihedral types 
were altered to better reproduce planarity and corresponding ab initio energies (see Scheme S1, Table S1 and 
Figure S3 in the Supporting Information). 

Parameters for the CnDMAP family of ions were not readily available in the literature, so we adapted or 
modified those provided by Acevedo [80] for CnPy as a starting point. All parameters, which are not from 
reference [80], are explicitly listed with their corresponding sources in the SI (see Schemes S2 and S3, Tables 
S2–S6 as well as Figure S4 in the Supporting Information). Based on geometries derived from the crystal 
structure of several DMAP-based materials [81–88] and our NBO analysis for C10DMAP (see Table S7 in the 
Supporting Information), we found that the nitrogen atom in the dimethylamino group is in a planar sp2 
configuration. This required the dihedral parameters for CM-NM-CR-CW (see Scheme S2 in the Supporting 
Information) to be fitted. We did this for C10DMAP (see Figure S4 in the Supporting Information) and used 
the same parameters for all other cations in the DMAP family. Charges for all atoms across the family of 
DMAP cations were fitted using the CHELPG [89] algorithm at the MP2/cc-PVTZ level of theory after a gas-
phase optimization at the HF/6-31G(d) level of theory using the Gaussian [90] program. Except for the cation 
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with the ethoxyethyl tail, for which all charges were taken directly from this calculation, for all other members 
of the DMAP family, the charges of alkyl tail groups further than two methylene groups away from the ring 
were taken from the Acevedo force field to be overall neutral [80]. The small residual difference in charge 
between force field neutral tails and ab initio CHELPG tails was distributed equally among all other atoms in 
the cation (all cationic charges used in this work are provided in Table S5 in the Supporting Information). 
Other ether tail-related parameters are based on OPLS-AA as described in our prior article [66], but the NA-
CA-CS1-O dihedral parameter (see Scheme S3) was obtained from the Canongia-Lopes and Padua force field 
[91]. 

3. Results and Discussion

3.1. Physical Properties of the ILs

3.1.1. Thermal Properties

Table 1 reports the thermal properties and densities of the DMAP and pyridinium salts. (Some of the physical 
properties were reported in earlier publications [92,93].) The data show that the dimethylamino group 
substitution on the pyridine ring has a significant effect on the glass transition temperatures, except for the 
decyl derivatives. Compared to the unsubstituted pyridinium ILs, the glass transition temperatures of the 
DMAP ILs are raised by 11 (butyl), 8 (octyl), 1 (decyl), 13 (ethoxyethyl), 18 (hydroxypropyl), 21 (benzyl) 
and 26 °C (3-methylbenzyl). Since the glass transition is related to the onset of translational mobility, the 
increase in going from pyridinium to DMAP suggests that there are generally stronger interionic interactions 
in the DMAP ILs. The benzyl-substituted ILs had the highest glass transition temperatures, implying a 
contribution from interactions between the benzyl and cationic aromatic functionalities. 

The effect of the dimethylamino substitution on melting points is difficult to judge, since the number of 
instances to compare is limited because some of the ILs did not readily crystallize under the operative DSC 
conditions. The melting points of C4DMAP NTf2 and C4Py NTf2 are very similar, and C10DMAP NTf2 melts 
8 °C lower than C10Py NTf2. The most significant effect is observed with the benzyl group functionalization. 
BzDMAP NTf2 has a much higher melting point (62 °C) than BzPy NTf2 (9 °C). Interestingly, that 62 °C 
melting point was only observed on fresh BzDMAP NTf2 crystals. Once BzDMAP NTf2 was melted in the 
DSC, subsequent DSC cycles showed a cold crystallization with an onset temperature of 4 °C and a melting 
point of 57 °C (onset). Examples of IL cold crystallization into a metastable crystalline phase are well known. 
The most notable case is that of 1-butyl-1-methylpyrrolidinium NTf2 (C4mPyrr NTf2), which was believed to 
melt at −18 °C until Henderson and Passerini showed that a more stable crystalline phase that melts at −3 °C 
could be obtained by annealing [97]. 

The high melting point of BzDMAP NTf2 made it difficult to study the liquid properties of that salt. We 
attempted to make a derivative of the BzDMAP cation that would form a room-temperature IL by disrupting 
the symmetry of the cation with a methyl group in the meta position of the benzyl ring, and we made the 
pyridine analog for comparison. This seemed to be a good strategy since asymmetric methyl substitution on 
the pyridine ring in BzPy NTf2 is effective in this respect. DSC scans of symmetric 1-benzyl-4-
methylpyridinium NTf2 (1-Bz-4-MePy NTf2) show that after cold crystallization, it melts at 13 °C, while scans 
of asymmetric 1-benzyl-2-methylpyridinium NTf2 (1-Bz-2-MePy NTf2) and 1-benzyl-3-methylpyridinium 
NTf2 (1-Bz-3-MePy NTf2) show no evidence of crystallization down to their glass transitions (see Table 1). 
(Note that this does not imply that their melting points are lower than Tg; it simply means that a crystalline 
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phase was not observed under scanning DSC conditions.) The analogous ring-methylated 2-MeDMAP and 3-
MeDMAP starting materials are known compounds, but they are not readily available at a reasonable price, 
so 3-methylbenzyl chloride was allowed to react with DMAP to make the asymmetric cation 1-(3-
methylbenzyl)-DMAP NTf2 (3-MeBzDMAP NTf2). Surprisingly, 3-MeBzDMAP NTf2 melts five degrees 
higher than BzDMAP NTf2. Even more dramatically, the analogous pyridine IL 3-MeBzPy NTf2 melts at 38 
°C, 29 degrees higher than BzPy NTf2. This last fact was not discovered until several months after we began 
working with this IL; it is slow to spontaneously crystallize at room temperature unless mechanical friction is 
applied. 

Table 1. Thermal properties and densities of DMAP and pyridinium NTf2 salts. 

Cation Glass Transition Point 
Tg [a], °C 

Melting Point 
Tm [a], °C 

Decomposition 
Temperature [a], °C 

Density @20 °C, 
ρ [a], g/cm3 

C4DMAP −70 [92] 27 [92] 444 [92] 1.39 
C4Py −81 [92] 26 [92] 388 [92] 1.44 

C2OC2DMAP −67 [92,93] [b] 422 [92,93] 1.41 [93] 
C2OC2Py −80 [92] −18 [92] 380 [92] 1.47 

C3OHDMAP −59 [92] [b] 441 [92] 1.47 
C3OHPy −77 [92] [b] 355 [92] 1.53 

C8DMAP −70 [93] [b] 430 [93] 1.29 [93] 
C8Py −78 −12 [94] – 1.33 [95] 

C10DMAP −70 −7 417 1.25 
C10Py −71 1 [96] – 1.28 [95] 

BzDMAP −33 62 [92] 397 1.47 [c,d] 
BzPy −54 9 [92] 313 [92] 1.49 

3-MeBzDMAP −38 67 392 [c]

3-MeBzPy −54 38 304 1.46 [e] 

1-Bz-2-MePy [f] −56 [b] – 1.41 [37] 
1-Bz-3-MePy [f] −57 [b] – 1.44 [37] 

1-Bz-4-MePy [f] −54 13 – 1.42 [37] 
[a] All values are onset temperatures, ±1 °C. Densities ±1% error. [b] No solid phase observed. [c] Solid at room temperature. [d]

Measured at 70 °C. [e] Supercooled liquid. [f] DSC results on samples provided by Dr. Huimin Luo, see Acknowledgments [37].

Comparison of the TGA results in Figure S1 in the Supporting Information indicates that the DMAP salts in 
this study show higher apparent thermal stability compared to their pyridinium analogs, which is in agreement 
with earlier findings by Crosthwaite et al. for C6Py NTf2, C6DMAP NTf2, and related derivatives [23]. The 
most dramatic difference is observed in the benzyl-substituted ILs, where the difference in nominal 
decomposition onset temperatures between DMAP+ and Py+ derivatives is 89–103 °C. In general, a decrease 
of 75 °C in nominal decomposition temperature is observed in the pyridinium series in going from the butyl 
(388 °C) to the benzyl (313 °C) derivative. In the DMAP series, while there is also a decrease in the nominal 
decomposition temperatures, the difference between the butyl (444 °C) and benzyl (416 °C) derivatives is 
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only 28 °C. The conscientious use of the term “nominal” to describe the reported decomposition temperatures 
is to recognize the possibility that some of the observed mass losses are due to evaporation of the ILs instead 
of their decomposition [98,99]. The enthalpies of vaporization of several alkylpyridinium NTf2 ILs, including 
C4Py NTf2, have been measured [99,100], indicating that their volatility should be considered. We are not 
aware of any comparable data for DMAP ILs, and we do not possess the necessary equipment to determine 
quantitatively whether the mass losses are due to evaporation, decomposition, or a combination of both 
mechanisms (particularly as the TGA scan temperature increases); however, the dimethylamino modification 
has a significant practical effect in any case. If evaporation is the dominant mechanism, the dimethylamino 
group may be responsible for increased intermolecular interactions that increase the enthalpies of vaporization 
of the ILs. If decomposition is the main mechanism, the electron-donating properties of the dimethylamino 
group could be expected to increase the activation barrier for dealkylation at the pyridine ring nitrogen center. 

We note that the ether derivatives C2OC2Py NTf2 and C2OC2DMAP NTf2 have lower nominal decomposition 
temperatures and earlier and more gradual onsets of mass loss than the corresponding alkyl derivatives C4Py 
NTf2 and C4DMAP NTf2, which may indicate higher volatilities for the ethers. In the case of 1-R-3-
methylimidazolium NTf2 ILs, where R = alkyl or oligoether, the vaporization enthalpies of the ether analogs 
were consistently 10 kJ/mol lower than those of the alkyl ones with the same chain lengths [101]. 

Decomposition is apparently the major mass loss mechanism for the benzyl-functionalized ILs on the basis of 
the shapes of their TGA curves. The curves for BzPy NTf2 and 3-MeBzPy NTf2 show sharp reductions in the 
rate of mass loss at around 350 °C that cannot be explained by an evaporation mechanism. The benzyl 
derivatives are unique among the ILs investigated in this study because heterolytic Nring–Calpha bond cleavage 
produces a benzyl cation that is stabilized by aromatic charge delocalization, providing an energetically facile 
pathway for decomposition. For example, a TGA curve that is remarkably similar to that of BzPy NTf2 was 
reported for N-benzyl-N,N,N-triethylammonium tetrafluoroborate, with simultaneous mass spectroscopic 
detection of the benzyl cation at m/z = 65 during the first major mass loss event [102]. Electron donation from 
the dimethylamino group appears to significantly stabilize the Nring–Calpha bond and produce a greater increase 
in stability for the benzyl ILs than for the alkyl-derivatized ILs. Working in the opposite direction, methylation 
of the benzyl group stabilizes the benzyl cation product and lowers the nominal decomposition temperatures 
of 3-MeBzDMAP NTf2 and 3-MeBzPy NTf2 by 5 and 9 °C, respectively. 

3.1.2. Viscosity and Conductivity 

Figure 2 shows a semi-logarithmic plot of viscosities vs. temperature for the ILs considered here, and the 
viscosities at 25 °C are listed in Table 2. The viscosities of each of the DMAP salts are higher than their 
pyridinium congeners, to varying degrees, depending on the functionality. The butyl, octyl, and decyl DMAP 
ILs are only slightly more viscous than the corresponding pyridinium IL, while the ILs with the other three 
DMAP derivatives are significantly more viscous than their pyridinium counterparts. 

If plotted against the inverse of temperature (see Figure 3 for an approximation), one would observe that the 
viscosities show non-Arrhenius behavior (i.e., departure from a linear relationship between logarithmic η(T) 
and 1/T), as is typical for ionic liquids. In such cases, the temperature dependence is characterized using the 
Vogel–Tammann–Fulcher (VTF) equation, given by: 

𝜂(𝑇) 	= 𝜂!	exp
" #$!
($	'	$!)

) (1)
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where T is the temperature, η0 is the limiting viscosity at high temperature, D is the fragility parameter, and T0 
is the singularity temperature at which the viscosity diverges. (In some treatments, the product of D and T0 is 
replaced by the parameter B). To obtain consistent VTF parameters from the temperature-dependent viscosity 
data obtained over limited temperature ranges, the VTF fits have been made by including viscosity values of 
1013 cP at the respective glass transition temperatures, as proposed by Angell and co-workers [103]. Fitting is 
best done using the logarithmic form of Equation (1) in order to handle the deviations across several orders of 
magnitude in η properly. The resulting fit parameters are given in Table 2, where the systematizing effect of 
fixing points at the glass transitions is evident. All the ILs have essentially the same limiting viscosities η0 
except for the benzyl derivatives, which are slightly higher. 

Figure 2. Semi-logarithmic plot of the measured viscosities of the reported ILs along with curves calculated from the VTF 
parameters in Table 2. The defined data points of 1 × 1013 cP at the respective glass transition onset temperatures are off scale. 
Dotted curves correspond to the pyridinium cations and solid curves to the DMAP cations. 

Examination of the VTF parameters in Table 2 shows two clear differences between the DMAP and pyridinium 
ILs. First, the pattern of differences in the singularity temperatures T0 is consistent with that observed for the 
glass transition temperatures Tg. Compared to the unsubstituted pyridinium ILs, the singularity temperatures 
of the DMAP ILs are raised by 13 (butyl), 14 (ethoxyethyl), 21 (hydroxypropyl), 10 (octyl), 0 (decyl), and 20 
°C (benzyl). This is not surprising since the quantities are related; however, all other things being equal, higher 
T0 values for the DMAP ILs would make their viscosities higher than the pyridinium ones at any particular 
temperature, and the differences would be larger when the temperatures are lower, particularly as shown in 
Table 2 for the benzyl derivatives since T0 for BzDMAP NTf2 is 219 K. 

However, if the differences were due only to T0, they would be larger than observed for the butyl, octyl, 
ethoxyethyl and hydroxypropyl derivatives. The fragility parameter D, which is related to the rate of the drop 
in the viscosity as the temperature increases from Tg, has a partially compensating effect. Counter-intuitively 
but consistent with the definition in Equation (1), the smaller the value of D, the more fragile the liquid is and 
the more it departs from Arrhenius behavior as portrayed in Figure 3. 
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Table 2. Viscosity profiles of the DMAP NTf2 and pyridinium NTf2 ILs. 

Cation 
Viscosity [a] @25 °C

cP 
ln (η0/cP) D 

T0 [b] 

K 

H2O Content 

ppm 

C4DMAP 85 [92] −1.94 ± 0.07 4.23 ± 0.08 179 70 

C4Py 60 [92] −1.86 ± 0.03 4.63 ± 0.04 168 90 
C2OC2DMAP 105 [92] −2.00 ± 0.02 [93] 4.25 ± 0.02 [93] 182 [93] 91 

C2OC2Py 57 [92] −2.02 ± 0.07 4.69 ± 0.09 168 62 
C3OHDMAP 198 [92] −1.80 ± 0.03 4.03 ± 0.03 190 146 

C3OHPy 117 [92] −2.18 ± 0.03 5.33 ± 0.03 169 135 
C8DMAP 136 −2.09 ± 0.02 4.82 ± 0.02 177 47 

C8Py [c] 114 −2.14 ± 0.01 5.41 ± 0.01 167 146 [c] 
C10DMAP 165 −2.21 ± 0.02 5.15 ± 0.02 175 31 

C10Py [c] 152 −1.88 ± 0.01 4.84 ± 0.02 175 319 [c] 
BzDMAP 1034 [d] −1.55 ± 0.16 3.08 ± 0.12 219 [e] 

BzPy 141 [92] −1.30 ± 0.02 3.10 ± 0.01 199 120 
3-MeBzDMAP 674 [d] −1.63 ± 0.04 3.26 ± 0.03 213 [e] 

3-MeBzPy 212 −1.73 ± 0.01 3.65 ± 0.01 197 [e] 

[a] Calculated from VTF fitting parameters. [b] Error: ±1 K. [c] Viscosity at 25 °C calculated from experimental viscosities reported
in Ref. [95] and accompanying water content. [d] Hypothetical values if these ILs were liquid at 25 °C. The viscosities of BzDMAP
NTf2 and 3-MeBzDMAP NTf2 at 75 °C are 39 and 33 cP, respectively. [e] Water content of room-temperature solids not measured.

Figure 3. Semi-log plot of viscosities versus inverse temperature normalized to the glass transition temperature (Tg) for each IL. 
The lines between points are to guide the eye and are not fitted. 
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Figure 3 plots the viscosities against Tg-normalized inverse temperature to depict more clearly the relative 
curvatures of the Arrhenius plots for the different ILs, following the practice of Angell [103]. Ideal Arrhenius 
behavior would be represented by a diagonal line off-scale to the upper left of Figure 3 (see Figure 6 of ref. 
[103]) and increasing fragility induces curvature down and to the right. 

Although the exact location of each ionic liquid’s viscosity data in Figure 3 also depends on η0 and T0, the 
figure and the D values in Table 2 clearly show that the butyl, ether and hydroxypropyl DMAP NTf2 ILs are 
more fragile than the corresponding pyridinium salts, thus keeping the observed viscosities of the DMAP salts 
closer to the pyridinium ones than implied by the differences in T0. Curiously, the fragilities, T0 values, and 
viscosities of the decyl DMAP and pyridinium ILs are very close, as observed in Figure 3. Factors that control 
ionic liquid fragility are not well understood at this point, but it is interesting to note the effect of a simple 
dimethylamino group on the fragilities of derivatized alkylpyridinium NTf2 ILs, perhaps involving the 
redistribution of charge in the pyridinium ring. 

Notably, Figure 3 also shows that the addition of a benzyl group increases the fragility of these ionic liquids 
more than the addition of a dimethylamino group. Comparisons show that the difference is most dramatic for 
the pyridinium case (BzPy); however, the addition of the dimethylamino group further increases the fragility. 
The BzDMAP NTf2, 3-MeBzDMAP NTf2 and BzPy NTf2 ILs are the most fragile of the 198 ionic liquids for 
which we have cataloged VTF parameters to date, a list that includes all typical anions and cations and some 
uncommon ones, including siloxy-functionalized cations [104]. Other ILs we have worked with that are almost 
as fragile include cycloalkyl phenylphosphonium salts (1-butyl-1-phenylphosphinanium NTf2, D = 3.27, ln η0 
= −1.61, T0 = 218 K, and 1-butyl-1-phenylphospholanium NTf2, D = 3.36, ln η0 = −1.43, T0 = 200 K) [105] 
and 1-benzyl-3-methylimidazolium NTf2 (D = 3.62, ln η0 = −1.68, T0 = 193 K) [106], which is comparable in 
fragility to 3-MeBzPy NTf2. It is interesting to note that these examples also contain aryl functionalities. 

As could be anticipated from the trend in viscosities, the conductivities of the non-benzyl-substituted DMAP 
derivatives at 25 °C in Table 3 are lower than the corresponding pyridinium derivatives with the same 
functional group. The Walden product, which is the product of the viscosity and the molar conductivity, allows 
assessment of the downward deviation of an IL’s conductivity from the “ideal” value (Walden product = 1.0 
P S cm2/mol) due to correlations and anticorrelations of the translational motions of like- and unlike-charged 
ions [66]. The Walden products of the ILs studied here fall within the range of 0.41 to 0.68 P S cm2/mol. The 
differences in Walden products between the DMAP and pyridinium congeners are generally small, with a 
slight trend for the Walden products of the alkylpyridinium ILs to be slightly higher than those of the 
alkylDMAP ILs. 

To summarize the effects of dimethylamino substitution on the physical properties of pyridinium NTf2 ionic 
liquids, the (CH3)2N- group significantly increases glass transition temperatures but also increases fragilities, 
resulting in only somewhat higher viscosities for the DMAP ILs at room temperature. The effects of 
dimethylamino substitution are essentially additive with respect to the interactions introduced by the 
functionalizations of the pendant groups on the pyridinium ring: polar interactions (ethoxyethyl), hydrogen 
bonds (hydroxypropyl) or π-donor–acceptor interactions (benzyl). In future work, the optical Kerr effect 
(OKE) [104,106,109] or terahertz spectroscopies may shed light on these effects by measuring how interionic 
vibrational spectra (below 150 cm−1) change with dimethylamino-group functionalization. Among the two 
cation classes studied, each functional group has a strong and relatively consistent influence on viscosity. 
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Table 3. Conductivity properties and electron capture parameters of DMAP and pyridinium NTf2 ILs. 

Cation Conductivity @ 
25 °C mS/cm 

Walden Product 
@25 °C 
P S cm2/mol 

k(e−solv)/108 

M−1 s−1 [a] 

Q37 

M−1 [a] 

C4DMAP 2.2 0.62 5.3 ± 0.2 17.6 ± 0.3 
C4Py 4.0 [107] [b] 0.68 6.2 ± 0.3 20.1 ± 0.6 
C2OC2DMA
P 1.8 0.65 4.8 ± 0.2 10.6 ± 0.4 

C2OC2Py 2.5 0.41 6.0 ± 0.3 10.1 ± 0.5 
C3OHDMAP 0.80 0.50 5.5 ± 0.1 11.7 ± 0.2 

C3OHPy 1.6 0.50 5.9 ± 0.1 13.9 ± 0.3 
C8DMAP 0.77 [c] 0.42 [c] – – 

C8Py 1.07 [108] 0.43 – – 
C10DMAP 0.57 0.41 – – 

C10Py 0.78 [108] 0.46 – – 
BzDMAP 2.1 [d] 0.47 [e] 4.5 ± 0.1 14.0 ± 0.4 

BzPy 1.5 0.66 5.3 ± 0.1 12.4 ± 0.4 
3-
MeBzDMAP 1.4 [f] – 4.5 ± 0.1 9.6 ± 0.2 

3-MeBzPy 0.72 0.51 10.8 ± 0.2 17.4 ± 0.4 
[a] Second-order rate coefficient for electron capture and pre-solvated electron capture efficiency coefficient (Q37), measured using
C4mPyrr NTf2 as the solvent. See Section 3.4 [b] at 20 °C. [c] Reported by us as 2.8 mS/cm and 1.50 P S cm2/mol in ref. [93], which
we now believe to be incorrect based on new measurements [d] at 63 °C. [e] Computed using viscosity and conductivity at 63 °C and
density at 70 °C and [f] at 70 °C.

3.2. Structural Analysis 

In this section, we report on results from molecular dynamics (MD) simulations and X-ray scattering 
experiments for members in the 4-DMAP NTf2 family of liquids, as well as C4Py NTf2. In addition, Table S8 
in the Supporting Information shows experimental and computationally derived densities for the different 
systems. For cations with tail lengths of comparable size, we will show that liquid structure is quite similar 
across systems, but preferred intramolecular tail conformations can be quite different. 

Figure 4 shows a comparison between experimental and computationally derived structure functions (S(q)) 
for a series of substituted DMAP-based ILs coupled with the NTf2 anion; in the same plot, we also present 
data for C4Py NTf2. The close agreement between computational and experimental results allows us to 
confidently describe liquid structural details from simulation impossible to derive from experiments alone. 
Previous work from our groups [46,48,62–72] has demonstrated that three distinct peaks may be present in 
the intermolecular range of the structure function S(q) for q ≤ 2Å−1. 
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Figure 4. For the family of substituted DMAP NTf2 ILs and for C4Py NTf2 (vertical offset of +2), a comparison between 
experimental and computationally derived structure functions highlighting with dashed vertical lines from higher to lower q values: 
adjacency, charge alternation, and, when present, polar–apolar alternation peaks. 

The peak in the range from 1.3 to 1.9 Å−1 results from the adjacency of nearest neighbor cation–anion pairs, 
as well as a myriad of different intramolecular and short-range intermolecular contributions. The so-called 
charge alternation peak, found within q = 0.75–1.0 Å−1, results from cation–cation and anion–anion 
correlations when intercalated with species of opposite charge. When tails are sufficiently long, intermediate 
range order can be detected as a peak with a q value between 0.25 and 0.5 Å−1, which is commonly called a 
“pre-peak” or “first sharp diffraction peak” (FSDP) [46,48,63–72]. In Figure 4, all five liquids display the 
adjacency and charge alternation peaks, but only C8DMAP NTf2 and C10DMAP NTf2 display pre-peaks at 
lower q values, indicating that these liquids have significant intermediate range order. 

As we have done in prior publications [46,48,63–72], S(q) was dissected into contributions from polar and 
apolar subcomponents as well as positive and negative sub-ionic components to better understand the detailed 
alternations occurring in the liquid phase. In this study, the apolar subcomponent is defined as the cationic 
alkyl tail excluding the two CH2 groups closest to the ring; all other atoms are considered in the polar 
subcomponent. The positive subcomponent is defined as the atoms in the cation belonging to the polar 
subcomponent. All atoms in the anion belong to the negative subcomponent as well as to the polar 
subcomponent. 

Figure 5a shows a comparison of the structure function and its subcomponents for C4Py NTf2 and C4DMAP 
NTf2. It is clear from the solid and dashed black lines (the total S(q)) that both liquids share most of the same 
structural features. When using the polar–apolar partitioning of S(q) as in Figure 5a, it makes sense to focus 
on the behavior of subcomponents at low q around or slightly below 0.5 Å−1. The total S(q) does not display 
a pre-peak, yet the polar subcomponent of S(q) shows either an incipient peak or a shoulder in this low q 
region around 0.5 Å−1; the polar–apolar subcomponent shows what we have commonly described as an anti-
peak at the exact same q value. These features are indicative of emerging intermediate-range order. This should 
be contrasted with what one obtains for C10DMAP NTf2 in Figure 5b, where two prominent peaks (green and 
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red lines at about 0.3 Å−1) and an anti-peak (blue line) are the salient features emphasizing significant 
intermediate range order. 

Figure 5. Comparison between computationally derived S(q) and its polar, apolar and polar–apolar subcomponents for (a) C4Py 
NTf2 (dashed lines) and C4DMAP NTf2 (solid lines), (b) C10DMAP NTf2 (solid lines) and C8DMAP NTf2 (dashed lines). 

For C4Py NTf2 and C4DMAP NTf2, Figure 6 shows positive–positive, negative–negative, and positive–
negative subcomponents of S(q). Two peaks for same-type interactions and an anti-peak for opposite-type 
interactions are the unequivocal signature of charge alternation in this q-region. Seen as a whole, Figures 6 
and 7 appear to indicate that the dimethylamino group affects only modest changes to the overall liquid 
structure. 

Figure 6. Comparison between computationally derived positive (black), negative (red) and positive–negative (green) 
subcomponents of S(q) for C4Py NTf2 (dashed lines) and C4DMAP NTf2 (solid lines). 

Whereas the overall intermolecular liquid structure as described by S(q) appears to be quite similar when 
comparing C4Py NTf2 and C4DMAP NTf2, significant intramolecular differences exist between these two, as 
well as with other members of the DMAP family. 

Figure 7 shows dihedral angles in the tail for cations C4Py, C4DMAP and its ethoxyethyl analog. It is clear 
that for the tails, dihedral preferences are quite different across the species, the largest differences being for 
ether-containing tails. Figure 7 is somewhat deceiving in that the two dihedral angles are strongly coupled and 
not all combinations of likely values for Θ are compatible with those of Φ. Figure 8 shows Ramachandran 
plots of these two dihedral angles from which the populations of the conformers can be derived. In the same 
figure, we provide illustrations of selected key conformers (conformers connected by symmetry are not 
included) associated with the different Θ and Φ values. We see from the top panel in Figure 8 that all 
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conformations available to C4Py are also available to C4DMAP. Whereas in the case of C4Py, the probabilities 
of all populated conformers are similar; those with Φ in the range 30–90° or (−30–−90°) are significantly 
diminished in the case of C4DMAP. Since the dimethylamino group is at the opposite end of the ring, these 
differences in alkyl tail conformational probability cannot be ascribed to new steric hindrances, but instead to 
genuine electronic structure differences. For the case of cations containing the ethoxyethyl tail functionality, 
differences are even more pronounced, and the comparison is complicated by the fact that the tail length is 
longer. In this case, the conformers with Φ in the 30–90° or (−30–−90°) range are suppressed, and those with 
Θ close to 180° (−180°) are significantly diminished. 

Figure 7. Dihedral angle distributions for (a) Φ (NA-CA-CS1-CS/O) and (b) Θ (CA-CS1-CS/O-CT/CS). Atom type nomenclature as 
defined in Schemes S1–S3 in the Supporting Information. 

Figure 8. Ramachandran plots in the liquid phase for cationic dihedral angles Θ (NA-CA-CS1-CS/O) and Φ (CA-CS1-CS/O-CT/CS) 
of (a) C4DMAP NTf2, (b) C4Py NTf2 and (c) C2OC2DMAP NTf2. Inset molecular shapes are included for selected configurations 
of (Θ, Φ) and indicated by orange arrows. 
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3.3. Liquid-Phase Electronic Structure 

Ionic liquids are multicomponent systems, and to a first-level approximation, it is reasonable to think of 
independent HOMO and LUMO states for cationic and anionic species. The relative alignment of these 
states defines the overall HOMO and LUMO states and the corresponding band gap for the material. Figure 
9 shows projected densities of states for different ILs in the DMAP NTf2 family, contrasted against that for 
C4Py NTf2. Here, we do not focus on the actual gap between HOMO and LUMO states (which PBE 
underestimates by about 0.8 eV, see Table S9 in the Supporting Information) but instead on the cationic or 
anionic nature of these states. It is clear from Figure 9 that for all liquids in which the cation contains the 
dimethylamino functionality, both HOMO and LUMO states are mostly cationic. What this means is that if 
the liquid were to donate an electron from its HOMO band, this would come mostly from cationic species, 
and if it were to accept an excess electron into the LUMO band, it would also be associated with cations. In 
contrast, from Figure 9d, we see that the HOMO band for C4Py NTf2 is mostly anionic and oxidation of the 
liquid would result in the anion losing an electron. 

Figure 9. Projected densities of states for (a) C4DMAP NTf2, (b) C8DMAP NTf2, (c) C10DMAP NTf2, (d) C4Py NTf2 and (e) 
C2OC2DMAP NTf2. 

Figure 10 shows a comparison of HOMO and LUMO orbitals for C4Py NTf2, C2OC2DMAP NTf2 and 
C4DMAP NTf2 (data for other members of the DMAP NTf2 family are quite similar, as can be appreciated 
from Figure S5 in the Supporting Information). Consistent with the HOMO band in Figure 9d being mostly 
anionic in the case of C4Py NTf2, Figure 10a shows the liquid HOMO localized mostly on NTf2. Instead, the 
HOMO state for the DMAP NTf2 family of ILs is localized both on cationic rings as well as on the 
dimethylamino groups. LUMO states for C4Py NTf2 and corresponding DMAP NTf2 analogs, shown in Figure 
10, have similar patterns of cationic localization. 
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Figure 10. On the top row, the HOMO of (a) C4Py NTf2, (b) C2OC2DMAP NTf2 and (c) C4DMAP NTf2. On the bottom row, the 
LUMO of (d) C4Py NTf2, (e) C2OC2DMAP NTf2 and (f) C4DMAP NTf2. We use the blue–red color scheme when localization is 
mostly on cationic species and the blue–green color scheme when localization is mostly on NTf2. 

From the analysis in the last two subsections, we see that whereas liquid structural features across systems are 
similar, both the intramolecular structure of cations and the overall electronic structure of the liquid can be 
quite different, particularly when comparing C4Py with the DMAP family. This difference in electronic 
structure results in the CnDMAP+ cation being the electron-donating component of the IL, which is not the 
case for the C4Py+ cation. The consequences of this difference are observed in the transient spectra obtained 
during the pulse radiolysis experiments described in the following section. 

3.4. Radiolytic Behavior 
Pyridinium ionic liquids (ILs) are notable from a radiation chemistry standpoint because, unlike imidazolium 
ILs [16–18], their electron adducts are relatively stable and exhibit reversible redox behavior rather than 
undergoing bond-forming or bond-cleavage reactions. This stability is reminiscent of natural and synthetic 
electron-shuttle systems, such as NAD+/NADH and methyl viologen. Neta and coworkers studied the 
radiolytic reduction of 1-butylpyridinium cations and the subsequent oxidation reactions of the resulting 1-
butylpyridinyl radicals with electron acceptors in neat C4Py BF4 and 1-butyl-4-methylpyridinium PF6 and in 
solutions of those pyridinium salts in water, alcohols and other ionic liquids [19,20]. The butylpyridinyl 
radicals were stable on the order of hundreds of microseconds and reversibly accepted excess electrons 
generated by the radiolysis event and then transferred them to stronger electron acceptors such as 
methylviologen and duroquinone. 

In contrast, 1-alkyl-4-dimethylaminopyridinium (DMAP) cations behave differently: they can act as both 
electron donors and acceptors, consistent with their cation-centered highest occupied molecular orbital 
(HOMO) as revealed by the projected densities of states in Figure 9. This duality was also observed previously 
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(d) (f)(e) 
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in photoinduced electron-transfer studies in imidazolium media, where DMAP derivatives served as efficient 
electron donors [28]. 

To assess the relative electron-accepting properties of the various derivatives of the pyridinium and DMAP 
families, we measured solvated-electron capture rate constants for each derivative (except for octyl and decyl) 
in 1-butyl-1-methylpyrrolidinium NTf2 (C4mPyrr NTf2) as reported in Table 3. A slight trend of slower rate 
constants 𝑘!*+,-.  is observed for the more electron-rich DMAP cations compared to their pyridinium 
counterparts. 

Dose-normalized pulse radiolysis spectra for neat C4DMAP NTf2 and C4Py NTf2 (Figure 11) further 
emphasize this difference. For C4Py NTf2, there is a characteristic absorption near 340 nm indicative of an 
electron adduct and a broad near-infrared band that may be due to a charge-resonance center consisting of an 
excess electron and two pyridinium cations in a sandwich-like configuration, analogous to other aromatic 
charge-resonance dimers. In contrast, the C4DMAP NTf2 transient spectra differ markedly, with distinct bands 
near 470 nm and a shoulder around 600 nm. 

Figure 11. Spectra of transient species in argon-purged C4Py NTf2 and C4DMAP NTf2 at 10, 100 and 1000 nanoseconds after the 
electron pulse. Circles, triangles, and diamonds correspond to 10, 100, and 1000 ns time points, respectively. Data for C4Py were 
re-analyzed from prior study [43]. 

To assign the bands we observed in neat C4DMAP NTf2 to products of either hole or electron capture, we 
prepared dilute (10 mM) solutions of C4DMAP NTf2 in 1,2-dichloroethane (DCE), which forms oxidizing 
hole species under radiolysis while converting excess electrons to chloride ions, and in tetrahydrofuran (THF), 
which produces excess electrons while converting the holes to protons. The features seen in neat C4DMAP 
NTf2 were also seen in DCE solution (Figure S6a in the Supporting Information), albeit with smaller signals, 
but not in THF (Figure S6b in the Supporting Information), which showed a broad and relatively featureless 
absorption around 400–600 nm that did not change much during the first microsecond after the electron 
irradiation pulse. These spectral transients observed for C4DMAP NTf2 oxidized in DCE are absent in dilute 
C4Py NTf2 under identical conditions, as shown in Figure S6c in the Supporting Information. Additional 
measurements could be performed in a future γ radiolysis study using electrospray mass spectrometry to 
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identify what these transient products are, but for the purpose of this discussion, the similarity of the spectra 
obtained in neat and diluted C4DMAP NTf2 is strong evidence that the observed transients around 470 nm are 
related to hole-derived species as opposed to electron-derived species, consistent with cationic HOMO 
localization of C4DMAP NTf2 in Figure 9. 
We now turn our attention to the radiation chemistry of the benzyl derivatives of DMAP and pyridine. Time-
slice spectra at 10, 100 and 1000 ns obtained in neat BzPy NTf2 and BzDMAP NTf2 are shown in Figure 12. 
Neat BzPy NTf2 exhibits both the UV band of the pyridinium electron adduct and a strong near-infrared feature 
that is characteristic of a charge-resonance dimer cation involving benzyl groups, as we observed in an earlier 
publication [43]. Subsequent to that publication, Dhungana, Wu, and Margulis published ab initio molecular 
dynamics simulations of excess electrons and holes in BzPy NTf2 and BzPy N(CN)2 [78]. Their detailed 
analysis of the electronic structure, density of states and optical spectra supported the spectral assignments in 
our earlier paper [43]. 

Figure 12. Spectra of transient species in argon-purged BzPy NTf2 and BzDMAP NTf2 at several time intervals after the electron 
pulse. Circles, triangles, and diamonds correspond to 10, 100, and 1000 ns time points, respectively. Data for BzPy NTf2 were re-
analyzed from a prior study [43]. 

In BzDMAP NTf2, however, the transient spectra do not show a charge resonance band in the near-infrared as 
observed for BzPy NTf2, but they do contain a peak around 440 nm as observed in C4DMAP NTf2. This 
suggests that the hole is localized primarily on the DMAP moiety rather than forming a charge-resonance 
dimer between benzyl substituents. Notably, a second strong absorption band (at about 520 nm with a long 
tail to the red) is observed during the first 100 ns in irradiated BzDMAP NTf2. It is possible that this transition 
is due to a charge-resonance interaction between a benzyl group and the radical dication formed when the 
BzDMAP+ cation captures a hole. Over the course of a microsecond, the absorption bands at 440 and 520 nm 
in BzDMAP NTf2 decay and another strong band at 590 nm grows in, presumably through evolution of the 
BzDMAP2+• cation/charge resonance complex into a secondary product. Interestingly, this behavior is also 
seen when C4DMAP NTf2 is diluted to 10 mM in DCE (Figure S6a in the Supporting Information), where a 
peak grows in around 580 nm on the 1-microsecond timescale. The commonality reinforces the interpretation 
that the spectral features observed for neat BzDMAP NTf2 in Figure 12 must be related to hole-derived species. 
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It is worthwhile to note that distinct bands in the 400 to 600 nm region appear in the pulse radiolysis of BzPy 
NTf2, but not in the pulse radiolysis of C4Py NTf2. The bands seen in BzPy NTf2 appear in the same locations 
as in BzDMAP NTf2, and they include late-appearing bands around 400 nm and 560 nm, but they are weaker 
than in BzDMAP NTf2. It is possible that the benzyl groups increase the stability of holes residing on the 
pyridinium cations that give rise to the bands between 400 and 600 nm, but they would remain a minority 
species compared to the benzyl-based dimer cation absorbing in the NIR, underscoring again the effect of the 
electron-donating dimethylamino group in changing the electronic density of states, and thereby controlling 
radiation-and redox-induced reaction pathways. When the spectra of BzPy NTf2 at 70 °C are compared with 
room temperature spectra (see Figure S7 in the Supporting Information), the absorption in the near-infrared 
that is associated with the benzyl dimer charge resonance is weaker at high temperature, due to a greater degree 
of thermal fluctuation destabilizing the charge-resonance dimer, with a concurrent increase in the absorptions 
at 400 nm and 560 nm. 

4. Conclusions

Substituting a dimethylamino group at the 4-position of the pyridinium ring produces profound electronic but 
modest structural and thermophysical changes. Across the examined NTf2 ionic liquids, DMAP substitution 
raises glass-transition temperatures by approximately 10–25 °C and shifts decomposition onsets upward by 
30–100 °C relative to their pyridinium analogs, indicating enhanced thermal stability. DMAP ILs are more 
viscous at 25 °C; VTF fits show higher T0 but lower D, indicating increased fragility. 

X-ray scattering and molecular dynamics simulations show that overall liquid organization remains similar
between pyridinium and DMAP ILs, but the dimethylamino group significantly alters intramolecular
conformations and the electronic landscape. In DMAP systems, both the HOMO and LUMO are primarily
cationic, in contrast to pyridinium ILs, where the HOMO is anionic. This electronic inversion shifts the locus
of radiolytic and photoinduced charge capture to the cation, explaining the distinct transient absorption spectra
and hole-derived species observed by pulse radiolysis.

Taken together, the thermophysical measurements, structural analysis, electronic-structure calculations, and 
pulse radiolysis experiments present a consistent picture of how 4-dimethylamino substitution modifies 
pyridinium NTf2 ionic liquids. Dimethylamino substitution strengthens interionic interactions without 
drastically altering mesoscopic organization, while fundamentally reshaping cation conformations and frontier 
orbitals. In particular, the shift to cation-centered HOMO levels redirects radiolytic and redox processes from 
the anion to the cation, enabling hole-derived transients that differ qualitatively from those of pyridinium 
analogs. These trends hold across the butyl, ether, hydroxypropyl, and benzyl-substituted series, illustrating 
the additive interplay of side-chain functionality and ring substitution. Overall, DMAP functionalization 
enhances ionic-liquid robustness under thermal and radiolytic stress while enabling distinct redox behavior, 
providing clear structure–property design principles for task-specific ionic liquids in high-temperature 
catalysis, electrochemical energy systems, and radiation-resistant separations media. 

Supplementary Materials: The following supporting information can be downloaded at: 
https://www.mdpi.com/article/doi/s1, Figure S1: Thermogravimetric analysis curves for DMAP ILs (solid 
lines) and their pyridinium analogs (dashed lines), normalized to 100 percent of the original sample mass. The 
scan rates were 10 °C/min.; Figure S2: Snapshot of equilibrated simulation boxes for C4Py NTf2 (top) and 
C2OC2Py NTf2 (bottom). Single-ion pairs are shown above or below the simulation boxes to indicate the color 
schemes. NTf2 anions are depicted in green in all the panels. On the left side of the figure, the entire cations 
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are shown in solid blue, while on the right side, the alkyl or ether tails are differentiated in white.; Figure S3: 
Torsional energy for CW-CY-NA-CA (left), CW-CY-NA-CY (right) and HY-CY-NA-CA (bottom).; Figure S4: 
Comparison of MP2 energies with our parameterization of the CM-NM-CR-CW torsional angle of C10DMAP. 
Blue lines are to guide the eye.; Figure S5: (Top) HOMO of C8DMAP NTf2 (left) and C10DMAP NTf2 (right). 
(Bottom) LUMO of C8DMAP NTf2 (left) and C10DMAP NTf2 (right).; Figure S6: Electron pulse radiolysis 
transient absorption spectra of (a) 10mM C4DMAP NTf2 in THF, (b) 10mM C4DMAP NTf2 in DCE, and (c) 
10mM C4Py NTf2 in DCE.; Figure S7: Electron pulse radiolysis transient absorption spectra of neat Ar-
saturated BzPy NTf2 as a function of temperature at 23°C and 70 °C.; Table S1: Selected intra-ring torsional 
parameters.; Table S2: Bond distances; Table S3: Bond angles; Table S4: Torsional parameters (units of kJ∙mol-

1 ); Table S5: Charges (from this work, except those in bold font); Table S6: Lennard–Jones parameters.; Table 
S7: NBO analysis for the C10DMAP cation.; Schemes S1–S3: Molecular dynamics simulation atomic naming 
conventions for C4Py+, C4DMAP+, and C2OC2DMAP+, respectively. NBO analysis for the C10DMAP cation.; 
Table S8: Computational and experimental liquid densities; Table S9: Average and standard deviation of the 
HOMO-LUMO gap over 10 independent frames. Scheme S1: Atom naming convention for C4Py cation. 
Scheme S2: Atom naming convention for alkylated CnDMAP cations. Scheme S3: Atom naming convention 
for C2OC2DMAP cation. References supporting the supplementary synthesis description are cited in Ref. 
[110]; references supporting the supplementary force-field parameterization, bonded and torsional terms, 
systematic all-atom force-field methodology, and NBO analysis are cited in Refs. [111–115]; and references 
supporting the electrochemical-window interpretation of Table S9 and the comparison to DFT orbital gaps are 
cited in Refs. [116–119]. 
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