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1.0 EXECUTIVE SUMMARY 
 

This report summarizes the experimental and theoretical research effort undertaken to study and 
identify some of the chemical pathways involved in the hypergolic ignition of mixtures 
consisting of room temperature ionic liquids (ILs) and suitable oxidizers such as nitric acid.  
Hypergolicity is defined as the auto-ignition of a binary chemical system under ambient 
conditions of pressure and temperature.  The research was motivated by the recognition that 
higher performing hypergolic propellants need to be developed to meet future DoD space 
propulsion capabilities as outlined in the IHPRPT (Integrated High Payoff Rocket Propulsion 
Technology) Program.  The popularity of ILs as a class of energetic substances for DoD 
applications arises from the fact that a combination of different anions and cations in the IL will 
lead to a large (~108) number of compounds with tailorable physical and thermochemical 
properties.  While many physical and thermodynamic properties of propellants are now being 
predicted theoretically with reasonable reliability using quantum ab initio computations and 
molecular dynamics simulations, the same is not true for a priori predictions of hypergolic 
reactivity.  Our aim in this work was to provide accurate mechanistic data on recently discovered 
hypergolic ILs that can be used to build a chemical kinetics ignition model to simulate the 
ignition delay time, a quantity of significant importance in the design and implementation of 
hypergolic rocket engines.  The mechanistic information can also be used for developing reactive 
molecular dynamics models and correlation algorithms to create “first-principle” design tools to 
predict new hypergolic combinations prior to any effort to synthesize the fuel molecules.  
Availability of such computational tools would provide a mitigation strategy for the risks (cost 
and time) currently involved in the trial-and-error approach to first synthesize the IL and then 
test it to verify its behavior.  An added feature of hypergolic IL fuels is their inherent low vapor 
pressures.  Implementation of such fuels would result in lowering of vapor toxicity exposures 
and reduction in emissions to the environment.  Consequently, fielding of such “green” IL fuels 
in future propulsion systems will provide significant logistical, operational and supportability 
cost savings to the DoD. 

The details of our findings can be found in Appendix A1-4 and in various publications5-8 as well 
as in symposia proceedings.9-11  Below is a brief synopsis of ongoing unpublished work. 
 
 

2.0 THEORETICAL EFFORT 
 

2.1 Direct Dynamics Trajectory Studies 
 
Based on experimental investigations of the end product analysis, a possible reaction mechanism, 
involving the 1,5-dinitrobiuret (DNB) intermediate, in the hypergolic ignition of dicyanamide-
based ILs and nitric acid system was published.1  To further understand the chemistry of this 
nitrogen-rich explosive compound, ab initio electronic structure calculations and direct dynamics 
simulations were carried out to map the reaction coordinates for decomposition of DNB, 
including energies and structures of all stationary points (i.e., intermediate complexes, transition 
states (TSs), and products).  For complex molecules, especially for those with high internal 
energy content, the use of chemical intuition to predict reaction paths is unreliable.  There may 
be concerted reactions that are difficult to predict, and once energy stored in the molecule begins 
to release, the system does not necessarily follow the minimum energy reaction path, i.e., the 
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subsequent behavior is controlled by dynamics.  Even for steps in the reaction that are controlled 
by statistical factors, standard transition state locating methods may be difficult to apply, because 
the molecular transformations are too complex.  A useful approach to treating such a system is 
quasi-classical, direct dynamics trajectory simulations, where the motion of the molecule is 
followed, allowing the molecule to ″show us″ what the preferred reaction paths are.  The direct 
dynamics method dispenses with the potential energy surface.  Instead, it calculates the energies, 
force constants, and Hessian ″on the fly″ using ab initio methods.  This method becomes 
computationally attractive when the dimensionality of the system increases, particularly for the 
DNB molecule which contains 13 heavy atoms.   Dynamics simulations partition the energy 
generated by the exothermic reaction to vibrational, rotational and translational modes, 
increasing the chance of locating new reaction paths.  In addition, by following the variation of 
the potential energy during the trajectory rather than relying on intuition, we can identify better 
geometries for TS searching. 
 
In this study, direct dynamics trajectory simulations were conducted for two purposes:  1) 
examining decomposition behavior of DNB at various temperatures and discovering new 
decomposition paths; and 2) locating key transition states for the dissociation paths identified in 
dynamics simulations, when the standard TS-searching methods (i.e., TS, QST2, and QST3 
methods in Gaussian 0312) fail.  Trajectory simulations were started at the equilibrium geometry 
of DNB.  A general chemical dynamics program VENUS13 was used to set up the trajectory 
initial conditions, and the Bakken Hessian-based method implemented in Gaussian 03 was used 
to propagate each trajectory with Hessians recalculated every five steps.  The integrators were 
performed with a step size of ~ 0.4 fsec, which conserved total energy to better than 10-4 Hartree.  
The scf = xqc option was used during trajectory integration so that a quadratically convergent 
Hartree-Fock (qc-scf) method was used in case the usual, but much faster scf method did not 
converge within the allotted number of cycles.  B3LYP/6-31G* level of theory was chosen for 
the main set of trajectories.  For most of the trajectories calculated in the vibrational temperature 
range 4000-6000 K, the time at which the DNB began to dissociate was between 0.5 and 3 psec, 
which is much longer than the periods of most DNB vibrational modes.  At a vibrational 
temperature of 4000 K, 10% of trajectories maintain the original molecular structure before 
trajectory termination.  The dissociative trajectories can be grouped into six classes, as illustrated 
in Table 1. 
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Table 1.  Direct Dynamics Simulation Results for Thermal Decomposition of DNB 
 

Dissociation Channels H a 
/eV 

Barrier of 
possible TS / eV 

Branching % b 
4000K 5000K 6000K 

Path 1: 
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N N
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O

N
CC

OO

NN

HH

N

O

H
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note: some trajectories dissociate simultaneously 
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Path 3: 
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bond before H- 
transfer) 
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Table 1.  continued. 

Dissociation Channels H a 
/eV 

Barrier of 
possible TS / eV 

Branching % b 
4000K 5000K 6000K 

Path 4: 
 

N
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O O
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O O

H
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H
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Path 5: 
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Path 6: 
 

N
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N
CC

OO

NN

HH

N

O

H

O

 +
N

OO

N
CC

OO

NN

HH

N

O

H

O

 + NO
O

 

 
 
 
 

1.81 
 
 
 
 

0.98 

 

- 5 - 

Non-reactive within 4 psec simulation period 0  10 - - 

Sum of other minor dissociation paths -  6 15 20 
aValues of H were calculated relative to DNB at the B3LYP/6-31G* level of theory.  
bBranching ratios were calculated based on 50, 60 and 30 trajectories simulated at 4000, 5000, and 6000 K, 
respectively.   
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Ab initio electronic structure calculations were performed at the B3LYP/6-31G* level of theory, 
using the Gaussian 03 suite of programs. Geometries were optimized by calculating the force 
constants at every step.  Vibrational frequencies and zero-point energies (ZPEs) were scaled by a 
factor of 0.9613 and 0.9804, respectively, and when necessary intrinsic reaction coordinate (IRC) 
calculations were used to determine which minima are connected by particular TSs.  All 
transition states found were verified to be first-order saddle points by frequency calculation.  
Optimized geometries of DNB and various dissociation products identified in the direct 
dynamics simulations are depicted in Fig. 1, and those of transition states for the three major 
dissociation paths are depicted in Fig. 2.  
 
 
 

        
  

  ( a )   ( b )   ( c )   ( d ) 

             
  ( e )   ( f )   ( g )   ( h ) 

            
   ( i )   ( j )   ( k )   ( l ) 

 
Fig. 1:  B3LYP/6-31G* optimized geometries of the reactant and products identified in 
trajectory simulations: a) DNB, b) O2N-NHCO-NHCO-NH, c) O2N-NHCO-NHCO, d) O2N-
NHCO-NCO, e) O2N-NHCO-NHCO-NO-H, f) cyclic [HN-CO-NH], g) HNN(OH)O, h) 
H2NNO2,  i) HNNO2, j) HNCO, k) NO2, and l) N2O.  
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   TS1     TS2     TS3 

 
Fig. 2:  B3LYP/6-31G* optimized geometries of transition states. Vibrational modes 
corresponding to the imaginary frequencies were indicated by displacement vectors. 
 
 
By far the most common outcome of DNB decomposition is Path 1, where elimination of NO2 
occurs first, followed by sequential dissociation of the remaining unit to isocyanic acid HNCO 
and HNNO2.  A typical Path 1 trajectory (calculated at 4000 K vibrational temperature) is 
illustrated in Fig. 3, showing the change of potential energy (PE) during the trajectory.  The 
oscillations in the PE reflect the vibration of the DNB molecule, including ZPE.  The trajectory 
shows three dissociation steps, eliminating NO2 followed by elimination of two HNCO 
molecules.  Elimination of NO2 occurs at ~ 150 fsec, and the time for which the decomposition 
lasts is ~ 650 fsec.  
 

Trajectory Time / fsec

0 200 400 600 800 1000 1200
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a
rt

re
e

-802.65

-802.60

-802.55

-802.50

-802.45

Elimination of NO2

Elimination of 1st HNCO
Elimination of 2nd HNCO

to form isocyanic acid

 
 
Fig. 3:  A representative trajectory of dissociation Path 1 at 4000 K, simulated at B3LYP/6-
31G*.  Plot shows the variation of potential energy during the trajectory, and three 
dissociation steps are indicated.   
 
 
In Path 2, HNN(OH)O is produced via an intra-molecular hydrogen atom transfer followed by 
dissociation of an amide bond.  HNN(OH)O further decomposes to N2O and water.  A trajectory 
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representative of dissociation Path 2 is illustrated in Fig. 4, indicating two energy barriers 
associated with two activated dissociation steps. 
 

Trajectory Time / fsec

0 200 400 600 800
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ee
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-802.60

-802.55

-802.50

-802.45

-802.40

-802.35
Starting dissoication of HNNO(OH)
to water and N2O

 
 
Fig. 4:  A representative trajectory of dissociation Path 2 at 4000 K, calculated at B3LYP/6-
31G*.  Plot shows two dissociation steps and the variation of potential energy during the 
trajectory.   
 
 
The other common dissociation channel is Path 3 where DNB first twists along a CN bond 
through TS3 (see Fig. 2), then undergoes an intra-molecular hydrogen atom transfer (i.e., transfer 
of an H-atom from the central nitrogen atom to the neighboring N) followed by elimination of 
H2NNO2 (Fig. 5).  This decomposition path was proposed in the literature1 based on our 
experimental products analysis.  Alternatively, DNB could first decompose to O2N-NHCO-
NHCO and HNNO2, then subsequently undergo an inter-molecular hydrogen atom transfer 
between two fragments to produce nitramide. However, this path involves breaking a CN bond 
with an energy barrier of at least 3.90 eV, and thus is energetically unfavorable.  
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Fig. 5:  A representative trajectory of dissociation Path 3 at 4000 K, calculated at B3LYP/6-
31G*.  Plot shows two activated steps and the variation of potential energy during the 
trajectory.   
 
 
A transition-state-theory-based statistical model, Rice-Ramsperager-Kassel-Marcus (RRKM) 
theory was applied to examine the properties of the reactant and transition states as a function of 
the internal temperature.  RRKM dissociation rates for initial decomposition for the various paths 
are shown in Table 2 for temperatures ≤ 1500 K.   RRKM calculations predict that, at 
temperatures below 1000 K, Paths 1 and 2 are negligible due to the high and tight transition 
states; only formation of H2N-NO would be expected.  At 1500 K (i.e., the maximum DNB 
denotation temperature), decomposition is still dominated by Path 3 but the contribution of Path 
1 becomes significant.  Note that the calculated TS3 corresponds to the first step of 
decomposition Path 3, i.e., twist of the O2N-NH unit before H transfer (see Fig. 2 and Table 1).  
We were unable to locate other TSs associated with the following intra-molecular H transfer.  
Therefore, the RRKM predicted reaction rate for Path 3 is an upper limit.  Assuming that these 
three decomposition paths account for most DNB dissociation at temperatures less than 1500 K, 
the product branching ratios can be estimated using the RRKM rates.  It turns out that Path 3 
accounts for more than 80% of DNB decomposition at 1500 K. 
 
 
Table 2.  Calculated RRKM dissociation rates and branching ratios for DNB* 

 Temperature 500 K 1000 K 1500 K 

 k (s-1) branching k (s-1) branching k (s-1) branching 

Path 1 0 0 9.2  108 0.03 2.8  1010 0.18 

Path 2 0 0 1.0  105 ~0 5.5  108 ~ 0 

Path 3 5.1  107 0.01 2.6  1010 0.07 1.3  1011 0.82 

*The branching ratios were estimated when only three major dissociation paths were included. 
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The present work demonstrates that dynamics simulations, in conjunction with electronic 
structure and RRKM calculations, are able to help extract decomposition mechanisms and 
dynamics of complex energetic molecules, product branching ratios, and how they vary with 
temperature.  The trajectories have been found to reproduce the major decomposition products of 
DNB observed in the pyrolysis experiment.14  The trajectories revealed many different 
dissociation paths.  According to RRKM analysis, at least two of these paths, i.e., elimination of 
NO2 and formation of nitramide, are important in the denotation/hypergolic experiments.  In 
conclusion, these results, several of which were difficult to anticipate in advance, demonstrate 
the utility of direct dynamics trajectory simulations as a useful and necessary step for 
investigating the decomposition mechanism and dynamics of complex molecular dissociation, 
and constructing kinetics models.15 
 
For the future, it would be useful to carry out further trajectory simulations on the subsequent 
dissociation of remaining units (such as O2N-NHCO-NHCO-NH and O2N-NHCO-NCO) 
generated in the  initial decomposition in order to get a complete picture of DNB decomposition.     
 
 
2.2 Chemical Kinetics Modeling  
 
 Our FTIR spectroscopic measurements1 in dicyanamide-based ILs and nitric acid systems 
showed the formation of HNCO, HNO3, N2O, NO2, CO2 and H2O as major pre-ignition products.  
Thermodynamic equilibrium calculations on various mixtures of these species were carried out 
to verify that such mixtures can sustain a flame under ambient experimental conditions.  To 
further investigate which chemical pathways control the hypergolic ignition process in these 
mixtures, the thermal decomposition of HNCO, HNO3 and N2O was written in detail to explicitly 
account for all of the subsequent reactions of the species produced and their corresponding rate 
constants specified from available thermo-kinetics databases.  The detailed chemical kinetics 
model constructed consisted of 61 species and 377 reactions and was implemented into 
SENKIN.16  The fate of various homogeneously premixed HNCO/CO2/H2O/N2O/HNO3/NO2 
gaseous mixtures was simulated.  The model was able to simulate ignition at relatively low 
temperatures.8  As shown in Fig. 6, for a mixture at a constant volume and at an initial 
temperature of 480 K and initial pressure of 1 atmosphere, an ignition delay (ID) of 19 s was 
predicted.  Here, ignition is numerically defined as the time delay in the system at which point 
the temperature profile has reached a value of 50% of the maximum.  For the composition 
considered in Fig. 6, sensitivity analysis showed that the presence of NO2 in the system had a 
significant effect on the predicted value of the ignition delay.  Brute-force sensitivity analysis 
suggested that the reaction, HNO3 → OH + NO2, is an important source for NO2 in the system.  
Typically, detailed chemical kinetics models are validated against measured experimental 
parameters such as ignition delays, species profiles, and fundamental flame speeds that are 
obtained under “ideal” laboratory setups with homogeneous mixtures at known conditions of 
temperature and pressure.  However, for hypergolic systems, as is the case here, it is very 
difficult to determine the precise experimental composition, pressure and temperature of the gas 
phase in which ignition is observed due to the inherent inhomogeneity of the transiently formed 
mixtures, and therefore it is not easy to validate the detailed chemical kinetics model under 
consideration.  Even in the case for premixed homogeneous systems, such a validation effort in 
many circumstances is not trivial.  The present detailed chemical kinetics model to predict 
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ignition delays in ILs is the first of its kind.  Although the predictions are off by 2 orders of 
magnitude, the present effort represents a valuable initial step towards understanding 
hypergolicity in IL/HNO3 systems. 
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Fig. 6:  Computed temperature profile against time for the mixture 
HNCO/NO2/N2O/CO2/H2O/HNO3: 1/1/2/1/1/1.  The system is considered adiabatic and at 
constant volume. P = 1 atm, T = 480 K, ignition delay: 19 s. 
 
 
Future refinements to the model will be carried out through an EOARD grant. This will include a 
comprehensive sensitivity analysis both to construct a reduced-kinetics model as well as to 
include experimentally determined new reaction paths and mechanistic information regarding 
NO2 kinetics.  Methods to implement the reduced-kinetics model into a computational fluid code, 
such as FLUENT, will be explored.  Techniques to validate the resulting model against realistic 
experimental parameters that describe transient composition, pressure, and temperature profiles 
during hypergolic ignition of IL/HNO3 mixtures will be assessed.  The ultimate capability we 
seek in this modeling and simulation effort is the ability to accurately predict ID times in known 
IL/oxidizer combinations as well as to be able to numerically identify hitherto unknown hypergol 
combinations.   
 

3.0 EXPERIMENTAL EFFORTS 
 

3.1  FTIR Spectroscopic Investigations  
 
To understand the initiation processes that occur in the condensed phase during the reaction of an 
IL with various oxidizers, transmission FTIR spectroscopic investigations were performed to 
elucidate how the oxidizer initially ionizes upon contact with the IL.  Subsequent reactions of 
these ionized species with the ionic components of the IL were followed by recording the 
temporal behavior of the IR absorptions of the IL in the condensed phase. 
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Experiments were performed by preparing a thin-film of the IL on a Ge disc and exposing it to 
an excess of the oxidizing gas under anhydrous conditions.  Simple ionization of both NO2 (↔ 

½N2O4) and HNO3, respectively, to NO+ + NO3
- and H+ + NO3

- was observed to occur at the 
ionic surface as seen in Fig. 7.  Transient formation of NO+ was inferred from FTIR observation 
of the N2O product when the ionic liquid, R+N3

- was treated with N2O4, where the reaction N3
- + 

NO+ leads to N2O + N2 formation. 
 
The difference in the heterogeneous chemistry of NO2 and HNO3 towards a thin-film of 1-butyl-
3-methyl-imidazolium dicyanamide (BMIM+N(CN)2

-) is shown, respectively, in Figs. 8 and 9.  
The spectrum of unreacted BMIM+N(CN)2

- (blue trace, Figure 8) is shown with characteristic 
N(CN)2

- fundamental and combination bands identified.  These bands disappear upon reaction of 
BMIM+N(CN)2

- with gaseous NO2 (red trace, Figure 8), providing direct spectroscopic 
confirmation that the anion initiates the reaction with the oxidizing species.  All of the cationic 
bands in the blue trace are also present in the red trace, and in addition, the appearance of new 
product bands is noted.  This suggests that the IL-cation merely acts as a spectator during 
initiation, until after ignition has occurred, whereupon it would then participate in further high 
temperature oxidative processes during steady-state combustion of the IL. 

    
 
Fig. 7:  NO3

- absorption bands in the ionization of NO2 (red) and HNO3 (black) at an IL 
surface. 
 
 
The product spectrum of BMIM+N(CN)2

- after exposure to gaseous HNO3 (purple trace in Fig. 9) 
also indicates that the anion is initially involved in the reaction.  However, different product 
bands are noted in this trace compared to that in the red trace of Fig. 8.  Comparison to the 
experimentally recorded biuret spectrum suggests that amide-III like features (peaks 19 and 20) 
are also present in this product spectrum (peaks 32, 35, and 36).  Characteristic features of N-H 
stretching in the purple trace were also noted. 
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Fig. 8:  Spectrum of neat thin-film of  Fig. 9:  Product spectrum of thin-film 
BMIM+N(CN)2

- (blue trace) and after  of BMIM+N(CN)2
- after reaction with 

reaction with NO2 (red trace).   gaseous HNO3 (purple trace) and of 
neat biuret (green trace). 

 
 

To confirm the possibility that the 1,5-dinitrobiuret (DNB) intermediate is being formed and 
trapped in the thin-film, ab initio computations of the DNB infrared spectrum as well as of other 
possible intermediates in BMIM+N(CN)2

-/NO2 and BMIM+N(CN)2
-/HNO3 are currently 

underway.17  Our preliminary analysis of computed spectra at the B3LYP/6-31+G(d,p) level of 
theory are consistent with DNB formation. 
 
Our future goal in the experimental FTIR spectroscopy is to significantly expand our 
understanding of the heterogeneous phase chemistry through detailed kinetics measurements of 
product and reactant temporal profiles at ionic liquid-oxidizer gas interfaces. We plan to do this 
by employing an attenuated total reflection (ATR) cell in which there will be temperature control 
of the ionic liquid thin-film as well as pressure and concentration control of the oxidizer.  All 
three oxidizers, HNO3, N2O4 and H2O2 will be investigated.  This will allow reaction orders to be 
calculated as well as Arrhenius parameters for the products formed in each case.  The ATR cell 
will provide a capability to elucidate the effect of impurities on initiation processes in the IL.  
This information is of particular importance in ignition model development; since often the 
purity of ionic liquid fuel can vary considerably, which can significantly affect its ability to 
hypergolically ignite.  For instance, the influence of water impurity will be investigated by 
introducing a known amount of water both directly into the ionic liquid as well as an added 
vapor component in the oxidizer gas. 
 
3.2 Ignition Delay Measurements 
 
The search for new igniting room temperature IL/oxidizer combinations continued with the 
discovery of substituted imidazolium thiocyanate-based ILs and HNO3 hypergols using our fast-
videography ignition delay (ID) apparatus.1  Future studies of the reaction chemistry of the SCN- 
anion with HNO3 would be of interest to contrast the proposed initiation process in N(CN)2

-

/HNO3 system. 
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The role of complex ionization of the HNO3 when mixed with various ionic liquids is also being 
investigated.  The extent of nitronium ion (NO2

+) formation in the process: 2H+ + 2NO3
- 

2HNO3  NO2
+ + H2O + NO3

- can be controlled by the addition of excess H2SO4 to the nitric 
acid: 2H2SO4 + HNO3 NO2

+ + H3O
+ + 2HSO4

-.  The effect of [NO2
+] on both the ignition 

delay as well as the composition of the pre-ignition products in BMIM+N(CN)2
-/H2SO4/HNO3 

mixtures is currently being studied using our rapid-scan FTIR machine. 
 
3.3 Vacuum Ultraviolet (VUV) Spectroscopic Investigations  
 
The above work was further complemented by carrying out more detailed investigations of room 
temperature IL vaporization and pyrolysis processes.  A thorough understanding of the relative 
role of vaporization, pyrolysis and oxidation when ILs hypergolically react with HNO3 is 
important for constructing high fidelity kinetics models to predict ID times.  Vaporization studies 
were performed at the Chemical Dynamics Beamline at the Advanced Light Source (ALS) 
facility of the Lawrence Berkeley National Laboratory in collaboration with Professor Steve 
Leone.  This work was carried out under ALS beam-access Grant # 02756.  The Chemical 
Dynamics Beamline at the ALS is capable of producing high-intensity continuous vacuum 
ultraviolet (VUV) light in the range of 7.4-15 eV, which, when coupled to a time of flight mass 
spectrometer, is appropriate for determining photoionization efficiency (PIE) curves.  PIE data 
allows for the determination of photoion appearance energies and ionization potentials which 
provide a powerful means to identify the gas-phase species present when ILs are heated in 
vacuum. 
 
Experiments were carried out to identify the vapors evolved when ILs are heated.  Since ILs 
have extremely low vapor pressures, identification of the vapors evolved has been difficult to 
perform experimentally.  Our research indicates there exist three regimes important in ionic 
liquid vaporization, depending on the IL heats of vaporization (Hvap)  relative to their lowest 
activation barrier process to thermal decomposition (Ea): 1) Hvap << Ea; 2) Hvap ~ Ea; and 3) 
Hvap >> Ea.  In Case 1, the vapors are solely from vaporization of the ionic liquid, typically as 
intact cation-anion ion pairs.2,3  In Case 3, since the heat of vaporization is much higher than the 
barrier to thermal decomposition, the vapors will consist exclusively of the volatile IL thermal 
decomposition products.  In Case 2, there will be a competition between vaporization of the IL 
and thermal decomposition of the IL, and the vapor will consist of a combination of vaporized IL 
and volatile IL thermal decomposition products.  Examples of each case are as follows: 1) 
EMIM+NTf2

-;  2) EMIM+Br-; and 3) EMIM+SCN-.  The nucleophilicity of the anion could also 
play an important role in the thermal stability of these ILs.18 
 
Our ALS studies have demonstrated: 1) the influence of molecular structure on the photoion 
appearance energies of isolated ion pairs; 2) heats of vaporization of ILs can be determined via 
VUV time-of-flight-mass-spectrometry (TOFMS); 3) the nature of thermal decomposition 
pathways of several ionic liquids; and 4) the occurrence of new dissociative photoionization 
processes for some gas phase ionic liquids.  Also, studies with aprotic ILs containing strongly 
nucleophilic anions (N3

-, Br-, N(CN)2
-, SCN-) indicate a variety of reactions occurring when 

heated: polymerization, proton or alkyl transfer to the anion, and addition of the anion to the 
cation followed by molecular elimination.   
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The extremely low vapor pressures of room temperature ILs present a challenge to experimental 
design for studying their reactivity, as they are not conducive to mass spectrometric study.  
However, by generating IL aerosols we can circumvent this issue.  The process by which 
gaseous IL species, in the form of aerosolized particles, oxidize in HNO3 is currently the subject 
of investigations under a new ALS beam-access Grant # 03341.  Recently, generation of ionic 
liquid aerosols (see Fig. 10) has been achieved by standard aerosol techniques.19  Optimization 
studies of the highly thermally stable ionic liquid, EMIM+NTf2

-, indicates that 0.5 g/l of IL in 
water is a good choice for producing ~150 nm IL aerosols which are expected to be essentially 
solvent free.  Less thermally stable ILs relevant to Air Force interests have been shown to form 
aerosols as well.  Preliminary work is underway at the Air Force Research Laboratory to 
determine safe operating conditions for reacting BMIM+N(CN)2

- aerosols with various oxidizing 
vapors. 
 

 
 
Fig. 10:  Size distributions for ionic liquid aerosols generated from varying concentrations 
in water. 
 
 
These experimental conditions will be reproduced at the aerosol end-station available at ALS 
Beamline 9.0.2.  Initial experiments will characterize the IL aerosols, including aerosol size 
distributions, remaining solvent content, and evaluate the photoionization mass spectra in the 
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absence of oxidizer to establish a baseline.  Then, the dicyanamide-based room temperature IL 
aerosols will be reacted under dilute HNO3 conditions and the PIE of the gaseous products will 
be measured.  Finally, analysis of the reacted aerosol particles, where the particles are impinged 
on a hot surface to vaporize the products, will allow for the  identification of condensed phase 
products.  Comparison of oxidation products with those in the proposed pre-ignition mechanism1 
will be carried out.  Expected products include HNCO (mass 43, IP=11.6 eV), N2O (mass 44, 
IP=12.9 eV), CO2 (mass 44, IP=13.8 eV), NH3 (mass 17, IP=10.07 eV), and H2NNO2 (mass 62).  
By fixing the photoionization energy and varying other experimental parameters such as 
temperature, oxidizer concentration, aerosol particle diameter, and mixing time in the flow tube, 
kinetics measurements will be performed to determine the reactive uptake coefficients and 
activation energies involved.  The investigations will be extended to alternative oxidizers such as 
NO2 and H2O2. 
 
 

4.0 FUTURE OUTLOOK 
 

Upon successfully carrying out the oxidation reactions on the dicyanamide-based ionic liquids, 
we will systematically extend our studies to new classes of high performance hypergolic room 
temperature ILs where the pre-ignition mechanisms are not known or have not been investigated 
experimentally.  Elucidation of the oxidative mechanisms in these new compounds and 
comparison to the dicyanamide-based room temperature ILs will provide valuable information 
regarding their dramatically different ignition characteristics that we have recently observed at 
the Air Force Research Laboratory (AFRL).   The development of fast chemical (hypergolic) 
ignition methods for these room temperature ILs is of high importance to the Air Force for 
designing new energetic bipropellants for space propulsion applications.   A detailed 
understanding of the oxidation and pre-ignition chemistry that will be possible at the AFRL 
Propellants Branch and ALS facilities, along with the previously studied competing thermal 
decomposition processes that are inevitable as the temperature of the room temperature IL is 
raised during hypergolic combustion, will, for the first time, allow us to construct chemical 
kinetics models to predict the ignition behavior of these fuels.  These proposed laboratory 
aerosol-oxidizer studies are one step closer to real-world conditions within a propulsion system, 
where IL fuels are better represented by sprays or liquid droplets mixing with vaporized oxidizer 
under high temperatures and pressures.   
 
 

5.0 CONCLUSIONS 
 

New hypergolic IL fuels continue to be discovered by the trial-and-error method of first 
synthesis and then test approach.20-22  Our desire to understand the fundamental chemistry of 
initiation and ignition in IL hypergols provides an opportunity to construct numerical models for 
designing fuels which have the required reactivity using “first principle” theoretical tools prior to 
synthesis.  We have seen preliminary success of our efforts in a chemical kinetics model,8 
quantitative-structure-property-relationship correlation model,10 and MD simulations.9,15  
Continued investigations to understand the interplay between physical phenomena, i.e., mixing 
and interfacial transport, and chemical kinetics. i.e., key initiation reactions, pre-ignition 
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intermediates and the  ignition event, will greatly facilitate the efficient discovery of new 
hypergols of importance to the IHPRPT Program.  
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Combined data of photoelectron spectra and photoionization efficiency curves in the near threshold ionization
region of isolated ion pairs from [emim][Tf2N], [emim][Pf2N], and [dmpim][Tf2N] ionic liquid vapors reveal
small shifts in the ionization energies of ion-pair systems due to cation and anion substitutions. Shifts toward
higher binding energy following anion substitution are attributed to increased electronegativity of the anion
itself, whereas shifts toward lower binding energies following cation substitution are attributed to an increase
in the cation-anion distance that causes a lower Coulombic binding potential. The predominant ionization
mechanism in the near threshold photon energy region is identified as dissociative ionization, involving the
dissociation of the ion pair and the production of intact cations as the positively charged products.

Introduction

Room-temperature ionic liquids (ILs) are salts with a melting
point near or below ambient temperatures.1 They are typically
based on bulky multiatom cations and anions that restrict the
cation-anion distance of closest approach, thus limiting their
Coulombic attraction and consequently also lowering their
melting temperature even below room temperature. Melting
temperatures of room temperature ILs can therefore be much
lower than those of salts based on atomic ions, such as NaCl,
which has a melting temperature of 1074 K. In addition to
having low melting temperatures, ILs have a number of unique
properties, including excellent solvation ability, extraordinarily
low volatility, and high thermal stability.1-9 Because the physical
and chemical properties of ILs can be varied by the choices of
the cation and anion pair,1 they can be used for many
applications such as fuel cells,3-5 batteries,6,7 and solar cells.8,9

Furthermore, ILs are also used in ionic propulsion10,11 and for
hypergolic fuels12 and various chemical extraction applications.13

The vast number of possible anion-cation combinations14 makes
it valuable to predict IL properties rationally on the basis of
their constituents,15 and considerable experimental and theoreti-
cal work has been performed to predict and measure IL
properties.16 Ab initio calculations, used to predict the structure
and interactions of ILs, are typically performed on isolated “gas-
phase” systems.17,18 It is therefore attractive to study isolated
ion pairs and to examine basic IL decomposition pathways, such
as dissociation or ionization. Because ILs are generally perceived
as “green solvents”, their decomposition pathways can lead
to a variety of products that need to be considered in specific
applications. Given recent works19 demonstrating the distillation
of selected families of ILs, we subsequently prepared molecular

beams of IL vapor, providing a gas-phase target of isolated ion-
pair species to obtain the photoelectron (PE) spectrum of
[emim][Tf2N] vapor.20 The direct comparison of our [emim]-
[Tf2N] vapor PE spectrum with previously measured PE spectra
of a [bmim][Tf2N] liquid surface21,22 provided important evi-
dence of the ion-pair nature of IL vapor.20 Other recent studies
aimed at investigating the properties of IL vapor also include
line of sight mass spectroscopy,23,24 IR spectroscopy,25 and
matrix-isolated FTIR spectroscopy.26 Moreover, mass spectra
of cation- and anion-substituted ILs20 showed that the ionization
of these isolated IL ion pairs by absorption of a single 23.2 eV
photon, which is >14 eV above the ionization threshold, results
in fragmentation with a predominant product of the intact
cations. Interestingly, no signal is detected for the ionized parent
ion-pair mass; that is, the removal of an electron from the ion-
pair system results in the dissociation of the ion pair. Because
those results were obtained with a photon energy that is 14.3
eV higher than the energy needed to remove an electron from
the ion pair, which could provide ample energy to detach an
electron as well dissociate the molecule, near threshold inves-
tigations are required. Field-induced IL ionization studies
recently provided evidence of the possible formation of undis-
sociated parent ion systems with the combined mass of the
cation and anion.27

Here we present a study of the near threshold soft photoion-
ization of isolated ion pairs with tunable photon energies
between 8.3 and 9.5 eV. Electronic structure changes following
cation and anion substitutions are presented and discussed in
terms of the observed binding energy shifts. Starting from the
commonly used [1-ethyl-3-methylimidazolium][bis(trifluo-
romethylsulfonyl)imide)] ([emim][Tf2N]) room-temperature IL,
shown in Figure 1, the [emim]+ cation is substituted by the
bulkier imidazolium-based 1,2-dimethyl-3-propylimidazolium
ion ([dmpim]+), and the [Tf2N]- anion is substituted by the
bis(pentafluoroethylsulfonyl)imide ion ([Pf2N]-), which has a
higher fluorine content. Single-photon near threshold photoion-
ization mass-spectra and photoionization efficiency (PIE) curves,
obtained at the Advanced Light Source chemical dynamics beam
line in the near threshold region, are presented for the cation-
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Heats of Vaporization of Room Temperature Ionic Liquids by Tunable Vacuum Ultraviolet
Photoionization
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The heats of vaporization of the room temperature ionic liquids (RTILs) N-butyl-N-methylpyrrolidinium
bistrifluorosulfonylimide, N-butyl-N-methylpyrrolidinium dicyanamide, and 1-butyl-3-methylimidazolium
dicyanamide are determined using a heated effusive vapor source in conjunction with single photon ionization
by a tunable vacuum ultraviolet synchrotron source. The relative gas phase ionic liquid vapor densities in the
effusive beam are monitored by clearly distinguished dissociative photoionization processes via a time-of-
flight mass spectrometer at a tunable vacuum ultraviolet beamline 9.0.2.3 (Chemical Dynamics Beamline) at
the Advanced Light Source synchrotron facility. Resulting in relatively few assumptions, through the analysis
of both parent cations and fragment cations, the heat of vaporization of N-butyl-N-methylpyrrolidinium
bistrifluorosulfonylimide is determined to be ∆Hvap(298.15 K) ) 195 ( 19 kJ mol-1. The observed heats of
vaporization of 1-butyl-3-methylimidazolium dicyanamide (∆Hvap(298.15 K) ) 174 ( 12 kJ mol-1) and
N-butyl-N-methylpyrrolidinium dicyanamide (∆Hvap(298.15 K) ) 171 ( 12 kJ mol-1) are consistent with
reported experimental values using electron impact ionization. The tunable vacuum ultraviolet source has
enabled accurate measurement of photoion appearance energies. These appearance energies are in good
agreement with MP2 calculations for dissociative photoionization of the ion pair. These experimental heats
of vaporization, photoion appearance energies, and ab initio calculations corroborate vaporization of these
RTILs as intact cation-anion pairs.

Introduction

Ionic liquids are classified as ionic salts that have melting
points at and below T ) 100 °C. Thus, room temperature ionic
liquids (RTILs) are liquids under ambient conditions. RTILs
represent a new class of solvents that potentially can replace
highly volatile organic solvents and hydrazine-based hypergolic
fuels.1-4 RTILs typically have large, multiatom cations such as
ammonium, pyrrolidinium, imidazolium, triazolium, and tetra-
zolium ions that have diffuse positive charge distributions and
nonpolar alkyl functional groups (Figure 1). The diffuse nature
of the ionic charges, combined with the large effective
cation-anion distance in RTILs results in relatively low lattice
energies. By contrast, a typical ionic salt, NaCl (melting point
T ) 801 °C), has very localized charge distributions on each
ion, and the separation between cation and anion is small;
therefore, a strong Coulombic attraction exists between sodium
and chloride ions in the condensed phase. As a result, the lattice
energy of NaCl is much higher than that for RTILs, and the
phase transition from ionic solid to liquid occurs at a much
higher temperature in NaCl than for RTILs.

Due to their ionic nature, RTILs were originally thought to
have essentially no vapor pressure. Recent studies of RTILs in
a vacuum have demonstrated that some RTILs can be distilled
in a vacuum with little thermal degradation,5-8 as noted in more
detail below. Transpiration and Knudsen methods9 have also
been applied to vaporize and recover RTIL condensates.10-13

To evaluate the thermal stability of a compound, studies such
as differential scanning calorimetry (DSC) and thermal gravi-
metric analysis (TGA) are typically carried out at atmospheric
pressure.11,12,14-16 Recent TGA studies have shown that signifi-
cant mass loss of RTILs can occur at temperatures well below
the onset decomposition temperatures reported in DSC studies.16

Such loss in mass could represent depletion through vaporization
of intact RTILs.

The ionic nature of RTILs may lead to dramatically different
vaporization mechanisms than for molecular liquids. For protic
RTILs (having an H bound to a nitrogen in the cation ring),
typically a proton is transferred to the anion during vaporization
and neutral species are formed:7
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Figure 1. N-butyl-N-methylpyrrolidinium bistrifluorosulfonylimide
[pyrr14]+[NTf2]-, a room temperature ionic liquid.
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These neutrals can be volatilized, and upon condensation, the
RTIL can be reformed by proton exchange to the weaker acid
(the reverse of reaction 1 above). The groundbreaking study
by Earle et al.5 demonstrated that when aprotic RTILs (having
only alkyl groups bound to the cation ring nitrogens) are heated
in a vacuum, recovery of the vapor produced the same RTIL
with little or no degradation for several families of RTILs.
Vaporization of mixtures of RTILs showed that one component
was successfully enriched upon fractional distillation due to the
differences in vapor pressure of one RTIL versus another.7 The
thermal stability of certain families of RTILs was attributed to
the weak nucleophilicity (tendency to react with carbon) of the
anion. Initially, the vaporization mechanism was proposed to
be via cluster formation in the gas phase.5 More recent studies
using photoionization,17 line of sight mass spectrometry,18-20

Fourier transform ion cyclotron resonance,6,7 and field desorp-
tion/ionization21 mass spectrometric techniques suggest that
vaporization of these thermally stable species is via neutral ion
pair formation [A+B-] in the gas phase, or, in the case of
dicationic ionic liquids, via dication-dianion [A2+(B-)2] forma-
tion.20 However, aprotic RTILs with strongly nucleophilic anions
can react when heated, and the recovery of pure RTILs by
vacuum distillation may not be feasible.

Theoretical modeling of RTILs22 has been of great interest
in order to predict such important properties as heats of
formation, heats of vaporization,11,23 melting and boiling points,
viscosity, and thermal decomposition mechanisms.24 Dynamics
calculations have indicated that vaporization to produce an intact
ion pair is energetically favored over ion cluster formation
(multiple cation-anion pairs), where larger clusters have higher
heats of vaporization.25 The ionic nature of these liquids has
made predicting these properties difficult and very few experi-
mental data exist to confirm theoretical heats of formation and
heats of vaporization values, quantities that are essential for
evaluating RTIL performance as propellants.

The implication that RTILs evaporate as intact ion pairs is
based on detection of the intact cation by mass spectrometry
using photoionization or electron-impact ionization, as well as
photoelectron spectroscopy and calculation. It is accepted that
photoionization or electron impact ionization of the neutral ion
pair, followed by dissociation, leads to a cation and a neutral,
and the cation is then detected by the mass spectrometer:

Direct detection of the ion pair has been elusive, most likely
because of the use of relatively high energies of the ionizing
photons (23.2 eV) or electrons (10-100 eV) versus the energy
required to dissociate the ion pair:

where [BMIM]+[dca]- is the RTIL 1-butyl-3-methylimidazo-
lium dicyanamide. However, recent progress has been made
toward direct detection of ion pairs.21

In this study, a first report is provided for determinations of
the heats of vaporization of room temperature ionic liquids by
tunable synchrotron photoionization detection. Several ionic

liquids, N-butyl-N-methylpyrrolidinium bistrifluorosulfonylim-
ide, [pyrr14]+[NTf2]-, N-butyl-N-methylpyrrolidinium dicyana-
mide, [pyrr14]+[dca]-, and 1-butyl-3-methylimidazolium dicy-
anamide, [BMIM]+[dca]-, are studied by means of an effusive
vapor source coupled to a vacuum ultraviolet photoionization
time-of-flight mass spectrometer (PI-TOFMS). An analysis of
the strengths of the photoionization method is made, which
include the ability to study the heats of vaporization of the ionic
liquid molecules at the tunable thresholds for dissociative
photoionization, good comparisons between the ∆Hvap results
from several fragment masses, and an ability to assess the
temperature dependence of the photoionization cross sections.
Furthermore, the comparison of experimental photoion appear-
ance energies with theory supports a dissociative photoionization
mechanism. To our knowledge, this study is the first reported
measurement of the heat of vaporization of [pyrr14]+[NTf2]-.
The heats of vaporization of [BMIM]+[dca]- and [pyrr14]+[dca]-

obtained here are in reasonable agreement with previously
reported experimental measurements.

Experimental Section

The experiments are performed on the Chemical Dynamics
Beamline, a tunable VUV beamline 9.0.2.3 at the Advanced
Light Source in Berkeley, California. Product masses are
detected as a function of the vaporization temperature of the
ionic liquid and tunable photoionization wavelength. The PI-
TOFMS repeller is pulsed at 10 kHz, and typically, data are
accumulated for 200 000 pulses per mass spectrum. For
[pyrr14]+[dca]-, 200 000 pulses are accumulated at 12.0 eV
photon energy at 473, 483, and 493 K. For [pyrr14]+[NTf2]-

and [BMIM]+[dca]-, photoionization efficiency (PIE) data were
acquired as the VUV photon energy is scanned from 8.0 to 15.0
eV in 0.2 eV steps (photon energy resolution was 0.025 eV).
The effusive beam is oriented counter propagating to the VUV
beam. In this first study, PIE data are taken over a limited
temperature range, at 468 and 483 K for [BMIM]+[dca]- and
at 583 and 613 K for [pyrr14]+[NTf2]-. In addition, data for
[pyrr14]+[NTf2]- are also accumulated at 12.6 and 15.0 eV for
longer signal averaging of 9 million pulses per spectrum at both
583 and 613 K.

The RTIL source is a modified version of a source described
previously.17 Briefly, the source uses a Pyrex reservoir that has
a narrow outlet tube (Figure 2). Each region is surrounded by
a machined aluminum block. Each block is heated separately
by four cartridge heaters embedded evenly around the cell axis.
The heaters in each region are controlled by separate power
supplies (0-40 W per region), and thermal equilibrium within
the source is reached before PIE curves are measured. The
temperatures in each region are measured using previously
calibrated type K thermocouples, and from the uniformity of
the heated regions and thermocouple readings, the temperature
values reported here are assessed to have an error of (3 K.
Although the temperatures of the reservoir and outlet regions
can be controlled separately, for heat of vaporization determina-

[ΑΗ]+[Β]- f Α + ΒΗ (1)

[Α+Β-] + hV f [Α+Β] + e- f Α+ + Β + e-

(2)

[ΒΜΙΜ]+[dca]- f ΒΜΙΜ+ + dca-

∆H ) 3.59 eV at 298 K (G3MP2)10 (3)

Figure 2. Ionic liquid effusive beam source.
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tions, the temperature of the reservoir region is set to be equal
to the outlet region. In order to examine pyrolysis of ion pairs
in the gas phase, the temperature of the outlet region can be set
at a higher temperature than the reservoir region, and pyrolysis
experiments will be described in a future publication. The
experimental temperatures are selected by performing dif-
ferential scanning calorimetry (DSC) on the ionic liquids prior
to the photoionization experiments. The temperatures are
selected to be well below the decomposition temperatures of
the ionic liquids to avoid pyrolysis.

The raw mass spectra are corrected for fluctuations in the
power of the light source by monitoring the power at a VUV
photodiode whose wavelength response curve had previously
been characterized. The synchrotron is operated in constant top
off mode, and the ring current is kept constant at 500 mA. Low
source temperature spectra are scaled and subtracted from the
high temperature data to remove any background signals not
due to the RTIL. Figure 3 shows a typical corrected mass
spectrum. PIE curves are determined by integrating the peak
areas of a given mass in each photon energy mass spectrum.
Appearance energies were determined by a linear regression of
the first five points above the signal-to-noise ratio, with an
estimated uncertainty of (0.2 eV.

1-Butyl-3-methylimidazolium dicyanamide (>98%) and
N-butyl-N-methylpyrrolidinium dicyanamide (>99%) are
obtained from EMD Chemicals/Merck. N-Butyl-N-meth-
ylpyrrolidinium bistrifluorosulfonylimide (>98%) is pur-
chased from Aldrich. In order to remove volatile impurities
present in the sample, the RTIL samples are heated in high
vacuum (base pressure ∼10-6 Pa) for 12 h prior to the
experiments as follows: [pyrr14]+[NTf2]- at 453K,
[pyrr14]+[dca]- at 378 K, and [BMIM]+[dca]- at 358 K.

Ab initio calculations are performed using Gaussian 03 W26

at the HF/6-31+G(d,p) or B3LYP/6-31+G(d,p) level of theory
to preoptimize geometries. Final optimization and energy
calculations are performed at the MP2/6-31+G(d,p) and
M06/27 6-31+G(d,p) levels of theory using GAMESS.28,29

Resulting MP2 and M06 energies at 0 K are corrected for
unscaled zero-point vibrational energies. On the basis of
previous calculations of RTIL ionization processes using HF/
6-31+G(d,p), B3LYP/6-31+G(d,p), and MP2/6-31+G(d,p)
levels of theory, MP2/6-31+G(d,p) is selected as the preferred
method due to good agreement with experimental ionization
potentials and ionization trends. The MP2/6-31+G(d,p) level

of theory is assigned an uncertainty of (0.1 eV based on our
previous calculations. Due to complications with MP2 for
[pyrr14]+[dca]- explained below, M06 was used to calculate the
ionization energies for [pyrr14]+[dca]-.

Results and Discussion

As noted, a mass spectrum of [pyrr14]+[NTf2]- taken at 613
K and 15.0 eV photon energy is shown in Figure 3, and the
PIE curves for mass 142 at 583 and 613 K and mass 84 at 613
K are shown in Figure 4. Mass 142 represents the [pyrr14]+

parent cation of the ionic liquid ion pair in the gas phase (eq
2). The appearance of mass 84 is due to fragmentation of the
internally hot [pyrr14]+ cation, which can be attributed to C4H10

loss. From these curves, the appearance energies of the resulting
intact cation and fragment cations can be determined, allowing
insight into the energetics of ionization of the ion pair and
possible ion fragmentation pathways. The observed appearance
energies for masses 142 and 84 are 9.4 ( 0.2 and 10.0 ( 0.2
eV, respectively, which are in excellent agreement with their
corresponding MP2 appearance energies of 9.2 ( 0.1 and 10.1
( 0.1 eV. The thermal contribution due to the small temperature
differences in these experiments (e30 K) should only amount
to a few millielectron volts at the temperatures involved, causing
a shift to lower appearance energy due to hot bands that is
smaller than the resolution of our experiment.

By comparing the intensities of mass 142 peaks, which are
proportional to the number densities of the ion pair in the RTIL
vapor,18 at two known source temperatures T1 and T2 and
applying the Clausius-Clapeyron equation, the heat of vapor-
ization in this temperature range is directly determined:

where I is the measured mass 142 peak intensity and R is the
gas constant. Over the temperature range of this experiment,
the photoionization cross section at a given photon energy is
considered to be constant. The branching fractions from the
ionized ion pair to intact cation or cation fragments are
considered to be constant as well.

The heat of vaporization of [pyrr14]+[NTf2]- is determined
using eq 4 and the data in the following ways: (1) using the
sum of the intensities of all the points along the mass 142 tunable

Figure 3. Mass spectrum of [pyrr14]+[NTf2]- at 15.0 eV photon energy
and a source temperature of 613 K. Figure 4. Photoionization efficiency (PIE) curves of [pyrr14]+[NTf2]-

for mass 142 at 583 and 613 K and mass 84 at 613 K.

∆Hvap ) -R ln(I2/I1)[(T1T2)/(T2 - T1)] (4)
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wavelength PIE curve (36 points with 7.2 million pulses total
per curve) at T1 and T2, (2) by individually comparing the
intensities at T1 and T2 of mass 142 at one specific wavelength,
12.6 eV, and (3) by analyzing the results also at 15.0 eV. A
longer signal averaging condition of 9 million pulses is used
for the last two cases. T1 and T2 are 583 and 613 K, respectively.
A similar analysis is performed for mass 84 also. Table 1
summarizes the experimental ∆Hvap values obtained. The
experimental ∆Hvap values have been corrected to 298.15 K
using a ∆Cp value of -105.4 J ·K-1 ·mol-1 for [BMIM]+[dca]-

and [pyrr14]+[dca]- 18 and a value of -94 J ·K-1 ·mol-1 for
[pyrr14]+[NTf2]-.10

Uncertainties in the ∆Cp values were not reported in ref 10,
but their influence on the temperature corrected ∆Hvap values
was estimated to be negligible within experimental uncertainties,
and therefore they are not included here. The uncertainties in
Table 1 represent twice the standard deviation of the measure-
ments. The larger uncertainties in these measurements are the
result of having fewer data points across similar temperature
ranges for determining the heat of vaporization versus the more
extensive maps versus temperature in the referenced works.

Good agreement for ∆Hvap calculated using masses 142 and
84 (170.5 vs 162.9 kJ/mol, Table 1) indicates the possibility of
calculating ∆Hvap from mass fragments of the cation, and mass
84 is used successfully to determine the ∆Hvap of [pyrr14]+[dca]-.
One possibility why mass 84 is usable for determining the heat
of vaporization for the [pyrr14]+-containing RTILs may be due
to its increased stability from possible resonance structures of
the cation.18 This stability also could explain the significant
fragmentation of the intact cation to mass 84 under such soft
ionization conditions. An additional Clausius-Clapeyron cal-
culation was performed by plotting ln I versus 1/T of mass 84
at three temperatures, namely, 473, 483, and 493 K. The heat

of vaporization determined by the slope of the straight line
through these points agrees well with the average value
(∆Hvap(slope) vs ∆Hvap(average), Table 1). Mass 84 analysis
for the heat of vaporization of [pyrr14]+[dca]- agrees reasonably
well with the reported literature value (Table 2). For
[BMIM]+[dca]-, masses 82, 97, 124, and 137 are used to
calculate the heat of vaporization, and the reported heat of
vaporization value is slightly higher than the literature value
(Table 1). The successful determination of ∆Hvap from fragment
masses is important because for some RTILs the intact cation
may not be detected. In fact, only a very weak parent cation
ion peak at mass 142 is detected for [pyrr14]+[dca]- and no
parent peak at mass 139 is detected for [BMIM]+[dca]-. The
present ∆Hvap of [pyrr14]+[NTf2]- is consistent with heats of
vaporization determined for other NTf2

- based RTILs.6,12,13,23,25,30

The temperatures used in these experiments are well below the
reported onset decomposition temperatures (nonzero DSC slope)
for these species (Table 2).

To assess the temperature dependence of the photoionization
cross section, the relative shapes of the PIE curves obtained at
the experimental reservoir temperatures are compared. Figure
5a shows the comparison of the [pyrr14]+[NTf2]- mass 142 PIE
curves at 583 and 613 K. In order to try to force the curve shapes
to match, rather than simply scaling the PIE curve at 583 K to
the PIE curve at 613 K so that the highest points match, the
PIE curve at 583 K is scaled iteratively to fit to the 613 K data
by a least-squares fit where the sum of the squares of the
difference between two points at a fixed photon energy is
minimized:

By this method, if the scaled PIE curves are identical, then
Σ(SI583 - I613)2 would necessarily equal zero, and S ) (I613/
I583). However, if the curves do not match exactly, then Σ(SI583

- I613)2 > 0. In Figure 5a and b, for [pyrr14]+[NTf2]-, the high

TABLE 1: Heats of Vaporization Dataa

[pyrr14]+[NTf2]- ∆Hvap(PIE) ∆Hvap(12.6 eV) ∆Hvap(15.0 eV) ∆Hvap(average)

mass 142 180.3 156.6 174.6 170.5
mass 84 167.9 155.3 165.4 162.9

average of six values ) 166.7
correction to 298.15 K ) 28.2
∆Hvap(298.15) ) 195 ( 19

[pyrr14]+[dca]- ∆Hvap(483/473 K) ∆Hvap(493/483 K) ∆Hvap(493/473 K) ∆Hvap(average) ∆Hvap(slope)

mass 84, 12.0 eV 145.2 157.1 151.1 151.1 151.0
correction to 298.15 K ) 19.5
∆Hvap(298.15) ) 171 ( 12

[BMIM]+[dca]- ∆Hvap(mass 82) ∆Hvap(mass 97) ∆Hvap(mass 124) ∆Hvap(mass 137) ∆Hvap(average)

PIE 483/468 K 148.4 157.4 162.4 154.8 155.8
correction to 298.15 K ) 18.7
∆Hvap(298.15) ) 174 ( 12

a All values are in kJ/mol. Uncertainties in the present work are twice the standard deviation.

TABLE 2: Experimental and Literature Values for Heats of Vaporization and Temperatures of Decomposition

RTIL T (K) range
this work ∆Hvap

(kJ mol-1) (average) ∆Cp∆T (kJ mol-1)
this work ∆Hvap

(kJ mol-1) (298.15 K)
literature ∆Hvap

(kJ mol-1) (298.15 K) Tdecomposition (K)

[BMIM]+[dca]- 468-483 156 ( 12 18.7 174 ( 12 157.2 ( 1.1a 513b

[pyrr14]+[dca]- 473-493 151 ( 18 19.5 171 ( 12 161.0 ( 2.0c 535d

[pyrr14]+[NTf2]- 583-613 167 ( 19 28.2 195 ( 19 672d

a Reference 10. b Reference 31. c Reference 18. d References 16 and 31.

∆Hvap(298.15 K) ) ∆Hvap(T) + ∆Cp∆T (5)

(d/dS)Σ(SI583 - I613)
2 ) 0 (6)
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temperature PIE curves for both mass 142 and mass 84 appear
to have shifted slightly to higher intensities between 10 and
13.6 eV (SI583 < I613) and to lower intensities above 13.6 eV
(SI583 > I613) relative to the low temperature PIE curves. Due to
this slight shift in the PIE shape at higher temperature, in the
region where the PIE intensity increases with temperature, SI583

< I613 (10-13.6 eV), the Clausius-Clapeyron approach sys-
tematically overestimates the heat of vaporization. In the region
where the PIE intensity decreases with temperature above 13.6
eV where SI583 > I613, the Clausius-Clapeyron calculation will
underestimate the heat of vaporization. Because there are more
points in the PIE summed calculation where SI583 < I613 (8-13.6
eV, 29 points) than where SI583 > I613 (13.8-15 eV, 7 points),
the PIE summed result from the Clausius-Clapeyron calculation
will systematically overestimate the actual heat of vaporization,
although these effects will tend to cancel somewhat. If, instead
of determining the heat of vaporization of [pyrr14]+[NTf2]- using
the ratio of summed PIE intensities (I613/I583 ) 6.17, ∆Hvap )
180.3 kJ/mol, Table 1) of mass 142 in the Clausius-Clapeyron
equation one uses the curve fitting scaling factor S ) 5.29 from
Figure 5a, the result is ∆Hvap ) 165.0 kJ/mol, a reduction in
the calculated value of ∆Hvap by 8.9%. A similar treatment for
mass 84 (Figure 5b) and for masses 97 and 137 of
[BMIM]+[dca]- in Figure 5c and d results in overestimates of
1.1, 6.3, and 1.1%, respectively. The similar shifts in the PIE
curves in Figure 5 indicate this is a systematic phenomenon.
On the basis of ∆Hvap calculated from the measured PIE curve

sum values and comparison with the scaling factor analysis
which takes into account the slight temperature shift in PIE
curves, the ∆Hvap values determined by PIE summed data likely
contain a systematic overestimation of 1-10%, depending on
how much the PIE curve shifts at the higher temperature.
Although the ∆Hvap values determined by PIE were included
in the reported average value for [pyrr14]+[NTf2]- in Table 1,
the uncertainty ((19 kJ/mol, twice the standard deviation) is
9.7% of this value and encompasses this systematic error. An
improvement in the accuracy of this method will be to select a
photon energy where the scaled PIE curves cross at S ) I2/I1

and competition between photoionization cross section and ion
fragmentation cancels each other out. For example, monitoring
the vapor density as a function of temperature at ∼13.6 eV and
determining ∆Hvap from the slope of a plot of ln I versus 1/T18

would increase both the accuracy and precision of this method.
The PIE curve shift at higher temperature could be due to

several factors. Competition between increased photoionization
cross section and increased ion fragmentation at high temper-
atures may account for this observed shift. Below 13.6 eV, a
larger photoionization cross section at high temperatures could
explain the shift to higher intensities, and above 13.6 eV,
increased ion fragmentation reduces the PIE intensity. A direct
comparison of the branching ratios of masses 84/142 at two
different temperatures is shown in Figure 6. Above ∼12 eV,
the increase in branching ratio at higher temperature indicates
increased ion fragmentation with increasing temperature.

Figure 5. Least-squares fit analyses of the PIE curves for (a) [pyrr14]+[NTf2]- of mass 142 at 583 K relative to 613 K, (b) [pyrr14]+[NTf2]- of mass
84 at 583 K relative to 613 K, (c) [BMIM]+[dca]- of mass 97 at 468 K relative to 483 K, and (d) [BMIM]+[dca]- of mass 137 at 468 K relative
to 483 K.
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There are several advantages for using photoionization versus
electron impact ionization for measuring heats of vaporization
for RTILs. The narrow energy spread of the light source (0.025
eV) and soft ionization conditions minimize the effect of
fragmentation of the parent cation and allow for appearance
energies to be determined accurately. Typical electron impact
ionization energies are around 70 eV, where the electron impact
ionization cross section curve is large and the shape of the curve
is flat for many atomic and molecular species, but molecular
fragmentation to smaller species can be extensive. In this work,
photoionization measurements yield a branching ratio of masses
84/142 of nearly 1 for [pyrr14]+[NTf2]-, indicating the small
extent of fragmentation of the [pyrr]+ under the present soft
ionization conditions versus electron impact ionization of
[pyrr14]+[dca]- with a branching ratio of masses 84/142 that is
about an order of magnitude higher.18 Although fragmentation
of the parent ion can be minimized by lowering the electron
impact energy, the electron impact ionization cross section
changes rapidly as a function of electron energy near the
ionization threshold,31,32 and may be highly susceptible to
thermal effects near the ionization threshold. Also, the energy
spread of a typical electron gun is limited to >0.5 eV, limiting
the energy resolution in threshold measurements. Therefore,
determining appearance energies of ions by electron impact
ionization is difficult and has large associated uncertainties.

From the accurate determination of photoion appearance
energies by the present method, comparison with theoretical
energy calculations can be made. Ab initio calculations of the
energetics involved in the dissociative photoionization processes
(described below) are in excellent agreement with the experi-

mentally determined photoion appearance energies. The mea-
sured mass 142 appearance energy in Figure 4 (9.4 ( 0.2 eV)
agrees well with the ab initio value of 9.2 ( 0.1 eV calculated
at the MP2/6-31+G(d,p) level of theory (0 K, ZPVE corrected)
for the [pyrr14]+[NTf2]- ion pair (eq 7). An appearance energy
of 10.1 ( 0.1 eV (experimental value ) 10.0 ( 0.2 eV) was
calculated for mass 84, assuming elimination of C4H10 from
the pyrr14

+ cation to form the resonance stabilized cationic
structure postulated in a previous publication (eq 8).18 The
electron affinity for the NTf2• radical is calculated to be 5.7 eV
at the MP2/6-31+G(d,p) level of theory.

Calculation of the adiabatic ionization potentials of dicyanamide
and [pyrr14]+[dca]- at the MP2 level was precluded due to the
inadequacy of a single configuration reference wave function
for the neutral dicyanamine species. (The need for a multicon-
figurational reference in dicyanamine is evident from (a) the
high degree of spin contamination present in the unrestricted
Hartree-Fock (UHF) wave function (〈S2〉 ) 1.303, compared
to 0.5 for a pure spin doublet) and (b) the presence of multiple
unphysical natural orbital occupation numbers (see Gordon,
M. S.; Schmidt, M. W.; Chaban, G. M.; Glaesemann, K. R.;
Stevens, W. J.; Gonzalez, C. J. Chem. Phys. 1999, 110, 4199)
obtained from the second-order Z-averaged perturbation theory
(ZAPT(2)) relaxed density matrix.) However, the electron
affinity for the dicyanamide radical has been determined
experimentally to be 4.135 eV.33 Using this value along with
the theoretical values in Table 3, the appearance energy for mass
84 in eq 10 is estimated to be 8.73 ( 0.1 eV, and is in excellent

TABLE 3: Ab initio Energies (in Hartrees) of Proposed Species Involved in Dissociative Photoionization of [pyrr14]+[NTf2]- and
[pyrr14]+[dca]-

species E0 zero point energy total H0

[pyrr14]+[NTf2]- ion pair -2232.073761 0.348228 -2231.725533
[pyrr14]+[NTf2•] ion pair cation -2231.758743 0.346514 -2231.412229
[pyrr14]+ cation -408.215636 0.293093 -407.922543
[NTf2]- anion -1823.729958 0.053730 -1823.676228
NTf2• neutral radical -1823.518844 0.052807 -1823.466037
[pyrr14]+[dca]- ion pair -648.205863 0.314189 -647.891674
[pyrr14]+[dca•] ion pair cation (MP2 vertical) -647.924455 0.314189 -647.610266
[pyrr14]+[dca]- ion pair (M06) -649.732310 0.306353 -649.425957
[pyrr14]+[dca•] ion pair cation (M06 vertical) -649.444280 0.306353 -649.137927
[pyrr14]+[dca•] ion pair cation (M06 adiabatic) -649.448255 0.034323 -649.143932
[dca]- anion -239.854100 0.020016 -239.834084
mass 84 cation -250.263014 0.151086 -250.111928
butane -157.912441 0.135673 -157.776768

Figure 6. Mass 84/142 branching ratios for [pyrr14]+[NTf2]- at 583
and 613 K as a function of photon energy.
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