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ABSTRACT: The complex formed from trimethylamine ((CH3)3N) and
trifluoromethanesulfonic acid (triflic acid, CF3SO3H) has been observed by
Fourier transform microwave spectroscopy in a supersonic jet. Spectro-
scopic data, most notably 14N nuclear quadrupole coupling constants, are
combined with computational results at several levels of theory to
unambiguously demonstrate complete or near-complete proton transfer
from the triflic acid to the trimethylamine upon complexation. Thus, the
system is best regarded as a trimethylammonium triflate ion pair in the gas
phase. The formation of an isolated ion pair in a 1:1 complex of a Brønsted
acid and base is unusual and likely arises due to the strong acidity of triflic
acid. Simple energetic arguments based on proton affinities and the
Coulomb interaction energy can be used to rationalize this result.

■ INTRODUCTION

Proton transfer is a simple and ubiquitous chemical reaction
whose influence spans industrial to atmospheric to biological
chemistry. Most proton transfer events in these arenas occur in
the solution phase, and an interesting question concerns the
role of solvation in facilitating the process. Cluster science has
long sought to examine this question in the context of small
molecular clusters, whose “solvation numbers” range from zero
to “several”. The majority of these studies indicate that for
Brønsted acid−base pairs that readily undergo proton transfer
under bulk conditions the corresponding bare molecular
complexes fail to do so and are best described as hydrogen-
bonded systems.1

Numerous techniques have been brought to bear on the
question of proton transfer in isolated acid−base complexes,
with amine−hydrogen halide systems playing a prototypical
role. These include, but are not limited to, early cluster beam
experiments,2,3 negative ion photoelectron spectroscopy,4,5 and
numerous ab initio and density functional theory studies.6−16

Most closely related to this work is a classic series of
microwave studies by Legon and co-workers which has
brought into particularly sharp focus the differences between
proton transfer in clusters and condensed phase.17 Using
amine−hydrogen halide complexes as prototypes, these
workers used indicators such as 14N nuclear quadrupole
coupling and centrifugal distortion constants to assess whether
the R3NH

+X− ion pair exists in an isolated complex. The
quadrupole coupling tensor depends on the electric field

gradient at the nucleus arising from all extra-nuclear charges
and is therefore acutely sensitive to the electronic environment
at the 14N nucleus. Because the electronic environment at the
nitrogen nucleus becomes more symmetrical when R3N is
transformed into R3NH

+, the quadrupole coupling constants
tend toward zero, rendering them useful probes of proton
transfer. While the bulk phase reaction of R3N(g) and HX
readily form crystalline R3NH

+X−(s), complexes involving
NH3 were found to be hydrogen-bonded systems, e.g., H3N···
HX. For trimethylamine, only the strongest acids, HBr and HI,
formed complexes which were best described as ion pairs. The
effect of adding one HF molecule to the gas phase H3N···HF
complex to form H3N···(HF)2 has also been explored by
rotational spectroscopy, with the result that the added HF
drives the system in the direction of proton transfer but does
not induce gas phase ion pair formation.18 Collectively, these
results speak to the importance of both acid strength and local
environment in determining whether or not proton transfer
will take place.
Microwave studies involving complexes of HNO3 with

NH3
19 and trimethylamine20 (TMA = (CH3)3N) have also
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been reported. For these systems, the degree of proton transfer
was again gauged by differences in the H14NO3 nuclear
quadrupole tensor upon complexation with the result that in
the TMA complex the proton transfer is ∼62% complete. The
14N coupling tensor for the TMA, however, suggests a degree
of proton transfer of only 31%, underscoring that the “degree”
of proton transfer is defined only by the method used to
measure it. Nevertheless, various measures of proton transfer,
including bond distance and calculated infrared frequencies,
paint a similar picture. Hydrated complexes of other strong
acids, e.g., HNO3−(H2O)n=1−3,

21−23 HCl−(H2O)n=1,2,
24,25

(HCl)2−H2O,
26 HBr−(H2O)n=1,2,

27,28 and HI−H2O,
29 have

also been studied by microwave methods with an eye toward
exploring the effect of hydration and microsolvation on proton
transfer. A more extensive set of references, including those to
both calculations and other types of experiments, may be
found in ref 1.
In this paper, we further explore the influence of acidity on

proton transfer in the gas phase. To do so, we report a
microwave and computational study of the complex formed
from TMA and the “superacid” triflic acid (trifluoromethane-
sulfonic acid, CF3SO3H). Superacids are compounds with a
higher (more negative) Hammett acidity function (H0)

30 than
pure sulfuric acid (H0 = −12) or for which the chemical
potential of the acidic proton is greater than that of pure
sulfuric acid.31−33 Triflic acid is one of the most readily
available superacids, with reports of its H0 value in the −13.7
to −14.1 range,32,34 thus making it about 100 times more
acidic than sulfuric acid.34 Though highly corrosive, it is a
relatively safe superacid to work with and finds numerous
applications in synthetic chemistry.32,35

■ EXPERIMENTAL METHODS AND RESULTS

Spectra were taken on a pulsed-nozzle Fourier transform
microwave spectrometer36,37 with broadband (chirped-

pulse)38 and high-resolution (cavity)39 capabilities. Transitions
in the broadband and high-resolution systems were measured
to accuracies of 12 and 3 kHz, respectively. To prepare the
complex, a 0.5% mixture of TMA in argon was pulsed into the
system at a stagnation pressure of 1.0 atm through a 0.8 mm
diameter stainless steel cone nozzle. Triflic acid was introduced
into the system by entraining the acid vapor in a 0.6 atm argon
flow over an ∼1.5 mL sample contained in a reservoir a short
distance away from the nozzle. The resulting triflic acid/Ar
mixture was then injected into the expanding gas plume
through a 0.016 in. ID stainless steel needle that was inserted
into the cone nozzle, as described previously.40,41 The
formation of the trimethylammonium triflate ion pair occurred
during the on-the-fly mixing of the triflic acid/Ar and TMA/Ar
gas mixtures, as evidenced by the resulting spectra and by the
formation of small, yellowish crystals around the end of the
stainless steel needle.
A broadband spectrum was initially collected in 3 GHz

segments between 6 and 18 GHz. A portion of the spectrum is
shown in Figure 1. Because of the small 14N nuclear hyperfine
constants and the relatively high J levels accessed, the nuclear
hyperfine structure was not resolvable at this stage, but a
preliminary analysis using approximate line centers was,
nevertheless, possible. Initial assignments were readily obtained
in under 3 min using the DAPPERS package42 which was able
to assign and fit 26 R-branch a-type transitions with Kp ≤ 2
between J = 6 and 16 by using a semirigid rotor Hamiltonian.
The resulting constants were highly predictive of the remaining
419 a- and b-type rotation-hyperfine transitions that were
subsequently observed and measured with the cavity system.
The a-type transitions were typically ∼20−30 times stronger
than the b-type lines. A few searches were conducted for
predicted c-type transitions, but none were observed. However,
this was expected given the small value of μc (0.2 D, see next
section) and the signal-to-noise ratios obtained for the a- and

Figure 1. A portion of the chirped-pulse microwave spectrum of trimethylammonium triflate resulting from the average of 40,000 free induction
decay signals, each collected for 20 μs. The final fitted hyperfine frequencies are shown below as a stick spectrum. The transitions are all members
of a pair of J = 12 ← 11 a-type transitions with the same Kp value (e.g., 125,7 ← 115,6 and 125,8 ← 115,7) whose splitting decreases as Kp increases.
For Kp = 6−8, the two transitions are near perfectly overlapped. For Kp values in the 3−5 range, the individual transitions are resolvable with the
chirped-pulse method. The second member of the Kp = 3 pair appears at a frequency higher than 11825 MHz.
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b-type lines. A representative cavity spectrum with resolved
14N hyperfine structure is shown in Figure 2. The observed

frequencies were fit to a Watson A-reduced Hamiltonian, and

the resulting rotational, distortion, and 14N hyperfine constants

are given in Table 1. Their predicted values at the MP2/6-

311++G(df,pd) level of theory are also included in the table.

Further details of the calculations and a more complete set of

computational results are presented below.

■ COMPUTATIONAL METHODS AND RESULTS

B3LYP, M06-2X, and MP2 geometry optimization and
frequency calculations were performed with varying basis sets
for the trimethylammonium triflate complex, triflic acid, and
trimethylamine. All calculations were performed by using
Gaussian16.43 A comparison of the results of these
calculations, both with each other and with the available
experimental data, is shown in Table 2. The method/basis set
in best agreement with A and B rotational constants was MP2/
6-311++G(df,pd), which produced values accurate to 0 and 3
MHz, respectively. For the C rotational constant, the M06-2X/
6-311++G(d,p) level/basis set performed slightly better than
MP2/6-311++G(df,pd), with the two methods reproducing
the experimental value to within 2 and 3 MHz, respectively.
Note that, overall, both methods outperformed the B3LYP
calculations. While both the MP2 and M06-2X results are in
reasonable agreement with experiment, the MP2/6-311+
+G(df,pd) calculations are, for the most part, in somewhat
better agreement with observed values. Therefore, this was the
method chosen for further computational analysis in this work.
The a, b, and c dipole moments calculated at the MP2/6-311+
+G(df,pd) are 10.6, 3.9, and 0.2 D, respectively, and the
nuclear quadrupole coupling constants, χaa, χbb, and χcc, are
within 4% of the observed values. The optimized structure is
shown in Figure 3, and the Cartesian coordinates for this
predicted structure are included in the Supporting Information.
The binding energy for the complex at the MP2/6-311+
+G(df,pd) level was determined to be −31.4 kcal/mol (−29.1
kcal/mol after zero-point energy corrections). A one-dimen-
sional potential was also calculated by fixing the N−H distance
at a series of values and reoptimizing the energy with respect to
all remaining structural parameters. The resulting potential
function is shown in Figure 4. Figure 5 shows an electrostatic
potential map on the electron density surface, where red
regions represent more negative charge and blue represent
regions represent more positive charge.
Finally, as noted above, the 14N nuclear quadrupole coupling

tensor depends on the electric field gradient at the nitrogen
nucleus due to extranuclear charges, and thus the measured
quadrupole coupling constants were expected to be sensitive to
the location of the proton in the complex. Thus, χaa, χbb, and χcc
were calculated at the MP2/6-311++G(df,pd) level at each of
the N−H distances represented in Figure 4. Figure 6 shows the
resulting values. The experimental hyperfine constants are
indicated by squares that have been placed at the nitrogen−
hydrogen distance obtained from the fully optimized structure
(1.093 Å) and are seen to be in excellent agreement with those
calculated at that distance.

■ DISCUSSION

The body of both experimental and theoretical evidence
obtained in this work indicates that the complex formed from
triflic acid and trimethylamine in a cold supersonic jet is best
described as a trimethylammonium triflate ion pair,
(CH3)3NH

+···O3SCF3
−. As described below, the strongest

experimental evidence comes from the observed nuclear
quadrupole coupling constants, while the computational results
provide both supporting and independent information.
If the complex were weakly bound, the standard approach to

interpreting the observed nuclear quadrupole coupling
constants would involve examination of the projections of
the coupling constants of free TMA (assumed to be

Figure 2. Cavity spectrum of resolved hyperfine components of a pair
of high-Kp transitions resulting from the average of 400 free induction
decay signals each collected for 205.5 μs. The stick spectrum shown
below represents the frequencies obtained from the final fit.

Table 1. Experimental and Computational Results for
Trimethylammonium Triflate

experimental MP2/6-311++G(df,pd) % difference

A (MHz) 1358.28926(38) 1358 0.02
B (MHz) 513.700508(88) 517 −0.64
C (MHz) 468.210731(85) 471 −0.60
ΔJ (kHz) 0.05857(49)
ΔJK (kHz) −0.0885(27)
ΔK (kHz) 0.379(16)
δJ (kHz) 0.01087(36)
δK (kHz) 0.100(30)
χaa (MHz) −1.5170(15) −1.56 −2.8
χbb (MHz) 0.8047(19) 0.83 −3.1
χcc (MHz) 0.7124(19) 0.74 −3.9
Na 419 (246)
no. of a type 365(109)b

no. of b type 54(17)b

RMS (kHz) 2.6

aNumber of transitions in the least-squares fit. Number in parentheses
denotes the number of distinct frequencies. bNumber of transitions of
the indicated type, including hyperfine components. The number in
parentheses is the number of distinct rotational transitions.
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unperturbed upon complexation) onto the inertial axis system
of the complex. However, projection of the known quadrupole

coupling tensor of free TMA44 onto the inertial axis system of
the calculated structure gives a predicted value of χaa equal to
−3.30 MHz, quite different from the observed value of −1.517

Table 2. Computational Results for Trimethylammonium Triflate

B3LYP M06-2X MP2

6-311++G(d,p) 6-311++G(d,p) 6-311++G(d,p)

6-311++G(df,pd) 6-311++G(df,pd) 6-311++G(df,pd) observeda

A (MHz) 1356 1352 1346 1358
1357 1352 1358

B (MHz) 479 518 509 514
481 521 517

C (MHz) 440 470 464 468
442 473 471

R(N−H) (Å)b 1.08 1.08 1.08
1.08 1.08 1.09

R(O−H) (Å)c 1.54 1.51 1.49
1.53 1.50 1.46

∠(N−H−O) (deg) 178.9 178.6 178.5
179.3 178.8 176.9

ρPT (Å) 0.51 0.48 0.47
0.50 0.48 0.43

ΔE (kcal/mol) −26.7 −32.1 −31.7
−26.1 −31.4 −31.4

ΔEZP (kcal/mol) −23.8 −29.7 −29.0
−23.2 −29.0 −29.1

χaa (MHz) −1.49 −1.33 −1.46 −1.5170(15)
−1.54 −1.36 −1.56

χbb (MHz) 0.87 0.74 0.791 0.8047(19)
0.89 0.74 0.83

χcc (MHz) 0.62 0.59 0.67 0.7124(19)
0.65 0.63 0.74

μa (D) 10.6 10.1 10.2
10.6 10.0 9.9

μb (D) 3.9 3.9 3.8
3.9 4.0 3.5

μc (D) 0.2 0.2 0.2
0.2 0.2 0.2

μT (D)d 11.3 10.8 10.9
11.3 10.8 10.5

aValues expressing the full measurement accuracy are given in Table 1. bThe calculated distance in TMAH+ at the MP2/6-311++G(df,pd) level is

1.024 Å. cThe calculated distance in free triflic acid at the MP2/6-311++G(df,pd) level is 0.967 Å. dTotal dipole moment = a b c
2 2 2μ μ μ+ + .

Figure 3. Optimized structure of trimethylammonium triflate
obtained with MP2/6-311++G(df,pd) calculations. The orientation
of the a- and b-inertial axes is shown. The a- and b-axes are in the
plane of the page, and the origin is drawn at the center of mass of the
complex.

Figure 4. Energy of the CF3SO3H−N(CH3)3 complex at a series of
fixed N−H distances, calculated at the MP2/6-311++G(df,pd) level
of theory. At each point on the curve, all other structural parameters
have been optimized.
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MHz. Likewise, for (χbb − χcc), the projected value is 0.65
MHz, which also differs significantly from the observed value
of 0.092 MHz. These results suggest substantial electronic
rearrangement of the TMA unit upon complexation but, taken
alone, do not necessarily indicate that proton transfer is the
cause. In this regard, we note that projecting the theoretical
quadrupole coupling tensor for TMAH+ previously obtained at
the B3LYP/6-311++G(3df,2p) level of theory45 also gives
poor agreement with the observed coupling constants of the
complex, with projected values of χaa and (χbb − χcc) equal to
−0.159 and 0.031 MHz, respectively. In this case, however,

polarization and charge transfer, which are not accounted for in
an analysis based on projection, are expected to be especially
important. Overall, it is apparent that a simple analysis based
on projecting free, unperturbed monomer values of the 14N
coupling constants is not a good way to proceed and needs to
be replaced with comparisons based on full electronic structure
calculations which automatically incorporate the full range of
physical effects that can influence the electric field gradient at
the 14N nucleus.
As noted above, Figure 6 shows that the observed values of

χaa, χbb, and χcc are in excellent agreement with those calculated
at an N−H distance of 1.093 Å. Moreover, it is clear that any
significantly different choice of the distance would yield poorer
agreement between the observed and calculated values.
Because the sum of covalent radii46 for nitrogen and hydrogen
is 1.03 Å, this provides strong evidence that the observed
coupling constants reflect complete or near-complete transfer
of the triflic acid proton to the trimethylamine. Indeed, the N−
H distance calculated at the MP2/6-311++G(df,pd) level for
TMAH+ is 1.02 Å, indicating that the calculated value in the
complex (1.09 Å) is quite close to that in the trimethylammo-
nium cation. Complementing this viewpoint is the calculated
O−H bond distance, which increases from 0.97 Å in free triflic
acid to 1.459 Å in the complex (again with the MP2/6-311+
+G(df,pd) level/basis), the latter being much too long to imply
the retention of a covalent O−H interaction in the adduct.
Interestingly, while the location of the potential energy
minimum at 1.093 Å is clear in Figure 4, the curve shows a
slight inflection at long distances (∼1.5 Å), which is perhaps
reasonably regarded as a vestige of a minimum at the
hydrogen-bonded geometry.
Inferences based on bond lengths can be further developed

through use of the “proton transfer parameter”, ρPT, which was
first defined by Kurnig and Scheiner47 for the study of amine−
hydrogen halide complexes and later adapted in the study of

Figure 5. Optimized structure of trimethylammonium triflate
obtained with MP2/6-311++G(df,pd) calculations, with an electro-
static potential map on the electron density surface. Regions in red
indicate negative charge, and regions in blue indicate positive charge.
The isovalue in the plot is 0.0004 au.

Figure 6. A plot showing the predicted 14N hyperfine constants at fixed N−H interatomic distances along the proton transfer coordinate with all
remaining coordinates optimized. All values are from MP2/6-311++G(df,pd) calculations. The square points represent the experimentally
determined hyperfine constants. These points are placed at an N−H interatomic distance of 1.093 Å, which is that obtained from the fully
optimized structure at the same level of theory.
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HNO3 complexes.20,22,23 For the triflic acid−TMA system, the
definition takes the form

r r r r( ) ( )PT OH
complex

OH
free

HN
complex

HN
freeρ = − − − (1)

Here, rOH
complex and rHN

complex represent interatomic distances from
the predicted complex structure, rOH

free represents the O−H
interatomic distance for free triflic acid, and rHN

free represents the
N−H interatomic distance in TMAH+. For a hydrogen-bonded
complex, the first term is negligible and the second term is
positive, giving ρPT a negative value. When proton transfer has
taken place, the first term is positive and the second term is
negligible, giving ρPT a positive value. Values of ρPT calculated
are included in Table 2, where it may be seen that all levels of
theory employed concur with the conclusion that proton
transfer has taken place upon formation of the complex.
In addition, albeit less direct, evidence for proton transfer

comes from the calculated dipole moment of the complex. At
the MP2/6-311++G(df,pd) level of theory, the total dipole
moment, μT, is 10.5 D (Table 2). This exceeds the sum of the
calculated dipole moments of free TMA (0.9 D) and triflic acid
(2.7 D) by 6.9 D, thus further indicating substantial charge
separation upon complex formation. Such a separation is
consistent with the visual representation of the charge
distribution provided by the electrostatic potential map
shown in Figure 5. There, it may be seen that the proton
lies in the electropositive region of the complex which clearly
resembles a TMAH+ cation.
Finally, simple energetic arguments make it possible to

understand why triflic acid and trimethylamine would form an
ion pair in the gas phase without the assistance of a
microsolvent. These arguments are similar to those applied
to amine−hydrogen halide17 and nitric acid−water com-
plexes.1 From measured proton affinities,48 we have

HCFSO H H CFSO 305 kcal/mol3 3 3 3→ + Δ =+ −
(2)

HTMA H TMAH 227 kcal/mol+ → Δ = −+ +

(3)

Thus, the transfer of a proton from triflic acid to TMA to form
TMAH+ and CF3SO3

− at infinite separation is endothermic by
78.2 kcal/mol. This endothermicity is offset, however, by the
Coulomb energy associated with bringing the ions to their
distance in the complex. There is, of course, some ambiguity in
the choice of that distance, as the ions are not point charges.
However, if we estimate it to be roughly the nitrogen−sulfur
distance calculated from the Cartesian coordinates provided in
the Supporting Information (3.356 Å), then the Coulomb
energy (q1q2/4πε0r, where q1 and q2 are unit charges of
opposite sign and r is the distance) has a value of −99 kcal/
mol. This brings the overall reaction energy to −21 kcal/mol,
indicating an energetic favorability for transfer of the proton.
Note that if, instead of using the nitrogen−sulfur distance, we
distribute the negative charge of the CF3SO3

− moiety equally
among the three oxygens (which bear the negative formal
charge of the anion) and retain a unit positive charge on the
nitrogen (since it bears the positive formal charge of the
TMAH+ cation), the sum of the resulting Coulomb energies is
−104 kcal/mol. This value is probably somewhat better than
the −99 kcal/mol based on the N−S distance and brings the
net interaction energy to −26 kcal/mol. Fortunately, the two
methods of calculation are similar enough to provide some
confidence that the result is not wildly dependent on the

chosen distance. A pictorial representation of the energetics is
shown in Figure 7.

The energy change for complex formation of ∼−26 kcal/
mol estimated from this simple model is somewhat smaller in
magnitude than the −31.4 kcal/mol computed at the MP2/6-
311++G(df,pd) level of theory. A disparity is expected given
the ambiguity associated with assigning a distance to ions that
are not point charges and the neglect of effects such as
polarization and distortion of the moieties. However, it suffices
to provide an intuitive understanding of the energetics of ion
pair formation in the gas phase. Note, however, that these
arguments establish the stability of the ion pair relative to that
of the isolated monomers but do not address the relative
stabilities of the ion pair and the hydrogen-bonded form. Such
a comparison is necessary to understand whether or not proton
transfer should occur in the isolated complex. As seen in Figure
4, however, the hydrogen-bonded complex is a hypothetical
species for this system, and thus its energy cannot be rigorously
determined. Nevertheless, a binding energy of −26 kcal/mol
(or −31.4 kcal/mol from full electronic structure calculations)
is larger than that of a typical (non-proton-shared) hydrogen
bond,49 making the preference for ion pair formation entirely
plausible.
Finally, it is interesting to note that the value of the

deprotonation energy for triflic acid (305 kcal/mol) is
significantly less than that of other common acids. For
example, values for HNO3 and HCl are 324 and 333 kcal/
mol, respectively.48 These values would not predict a decisive
preference for proton transfer by the above model. Specifically,
in the case of HCl, the model predicts an ion pair energy of
−12 kcal/mol relative to the isolated monomers, while for
HNO3, the predicted value is −3 kcal/mol relative to the
isolated monomers. The former is quite comparable to an
expected hydrogen bond energy while the latter is so close to
zero that even its sign is not clear. Interestingly, HNO3−TMA
showed significant changes in the 14N quadrupole coupling
constants which were interpreted as indicating partial, though
not complete, proton transfer,20 and HCl−TMA has been

Figure 7. Energy diagram depicting the ionization of triflic acid (+305
kcal/mol), proton attachment to TMA (−227 kcal/mol), and the
Coulomb energy, q1q2/4πε0r (−104 kcal/mol), combining to place
the energy of the ion pair at 26 kcal/mol below that of the separated
triflic acid and TMA. The first two steps are based on experimental
proton affinity values. The third step is approximate, as described in
the text. The energy of the final ion pair computed at the MP2/6-
311++G(df,pd) level of theory is −31.4 kcal/mol. See the text for a
discussion.
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described as a proton-shared system.17 It seems logical to
conclude that the strong acidity of triflic acid and its
correspondingly low deprotonation energy underlie its ability
to form a bare ion pair with TMA in the gas phase.

■ CONCLUSION
The microwave spectrum of the trimethylammonium triflate
ion pair has been observed by chirped-pulse and cavity Fourier
transform microwave spectroscopy using on-the-fly mixing of
triflic acid and trimethylamine in a supersonic jet. A
computational analysis of the complex indicates the formation
of an ion pair resulting from complete or near-complete proton
transfer from the acid to the base. A comparison of the
computed hyperfine constants at different degrees of proton
transfer with their experimentally determined values confirms
this prediction. Simple energetic arguments based on proton
affinities and Coulomb attraction readily rationalize the
spontaneous ionization observed in the cold 1:1 complex.
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