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High-Resolution Microwave Studies of Ring-Structured Complexes between Trifluoroacetic
Acid and Water
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The rotational spectra of the complexes between one trifluoroacetic acid molecule and up to three water
molecules have been recorded using a pulsed nozzle Fourier transform microwave spectrometer. The
unambiguous assignments of them are made on the basis of the agreement between the experimentally
determined rotational constants and the theoretical predictions from ab initio calculations using MP2/6-

311++G(2df,2pd). All the complexes exhibit hydrogen-bonded ring structures. The fine splittings observed
in some of thea-type transitions of the trifluoroacetic acitH,O dimer were analyzed in terms of the likely
tunneling motions of the hydrogens in the@®molecule. Further calculations of the equilibrium constants
for these three hydrated complexes of trifluoroacetic acid were also made to evaluate their fractions against
the trifluoroacetic acid monomer in the atmosphere.

1. Introduction In the atmosphere where both acid and water vapor are
ubiquitous, collisions between the acid and water molecules are
numerous. The large binding energy for acidater complex
compared to other possible Van der Waals complexes will favor
fthe production of the complex. The equilibrium constants for
acid—water complexes are normally several orders of magnitude
higher than those for the much more weakly bonded Van der
Waals complexes, e.g., the,©H,0O or O;—H,0, in the
atmospheré?

Trifluoroacetic acid (TFA) is one of the most abundant
haloacetic acid in the environmehtlt arises mainly from the
atmospheric oxidation process of the hydrochlorofluorocarbons,
e.g., HCFC-123, HCFC-124, and HCFC-1344t.is inert with
respect to reaction with OH radicdfs!* and the main loss
pathway of it from the atmosphere is wet deposifidhe

Complexation of acids with water has been a long intriguing
topic subject to both experimental and theoretical studies. The
interaction occurs via formation of a hydrogen bond with acid
as the hydrogen donor and the water oxygen as the acceptor. |
an electronegative center exists in the acid, another weaker
hydrogen bond may be formed with this center as the hydrogen
acceptor and the water as the hydrogen donor. Formation of
two hydrogen bonds therefore constructs a ring-like structure
in the 1:1 acig-water complex. Microwave spectroscopy studies
of the 1:1 complexes of nitric acidsulfuric acid? or formic
acic® with water have confirmed this structural feature.

These 1:1 complexes between acid and water can grow by
incorporation of more water molecules. Although ab initio

calculations can easily predict the complexation of acid with . . o .
yp P complexation of this acid with several water molecules is thus

as many as seven water molecifies,direct experimental of fundamental importance in understanding its removal process
observations of different orders of these complexes have always. P 9 P

fallen behind the theoretical calculations. One of the few in the gas phase. . . )
successful attempts was made by Priem et who have In this paper, the complexes between trifluoroacetic acid and

observed the microwave emissions from the 1:2 formic acid Water have been studied by means of pulsed nozzle Fourier

and water complexes. A nearly planar eight-membered hydrogen_transform microwave spectroscopy. Ab initio calculations were
used to predict the geometry and the three principal rotational

bonded ring was formed between the formic acid and two water -
constants of different orders of complexes between TFA and

molecules. The three experimentally determined principal . . S
rotational constants of this complex coincided well with those H20- Assignments of the observed microwave emission lines
of global minimal conformation suggested by ab initio calcula- O different complexes were made with the aid of ab initio
tions. Kisiel and co-workef$ have reported the rotational ~rotational constants. The hydrogen-bonded complexes of one
spectra of two other 1:2 complexes of the acids HCI and HBr |FA molecule with one, two, and three® molecules, denoted

as TFA-H,O, TFA—(H20),, and TFA-(H2O)s, have been

with water, which were also found to exhibit ring structure. ¢ L \ o

Nitric acid complexes with more than one water molecule |dent|f|eq, all_unequivocally pointing to hydrogen-bonded
have also been observed in the matrix-isolation Fourier trans- closed-ring _st.ructures. . . )
form infrared spectroscopy study of McCurdy et'and the Small splittings due to the tunneling motions in the TFA
reflection—absorption infrared spectroscopy study of Escribano (H20) complex were observed and analyzed. Additionally,

et al? The shifts of some of the infrared absorption bands were Partition functions of TFA and water monomer and the three
used in these IR studies to determine the degree of thenydrogen-bonded complexes between them were calculated to

complexation of nitric acid with water. derive the equilibrium constants of these complexes. It is found
that greater than 8% of the TFA monomer will bind with®
* Author to whom correspondence should be addressed. fax: 1865 to give the TFA-(H20) dimer under moderate atmospheric
275410. E-mail: brian.howard@chem.ox.ac.uk. conditions of the lower troposphere.
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Figure 1. Geometries of the global minimal conformations of TFA, TH&.0), TFA—(H.0),, and TFA—(H20)3. The equatorial pictures of the
TFA monomer and its complexes are shown for each at the upper left as well.

TABLE 1: Experimental Rotational Constants and Centrifugal Distortion Constants?

parameter TFA TFA(H0) TFA—(H0), TFA—(H20);
AMHz 3865.13430 (89) 3835.107 (76) 2533.7133 (189) 1733.3501 (150)
B/MHz 2498.79448 (56) 1082.58147 (81) 718.45639 (36) 493.41249 (41)
CIMHz 2075.20197 (63) 993.78411 (77) 622.50323 (32) 414.751971 (305)
P.c/uA2 44,7350 45.0321 45,5175 48.6525

DykHz 0.9660 (217) 0.18629 (231) 0.06942 (52) 0.13473
Dk/kHz 0.466 (61) N/A N/A N/A

Dik/kHz —0.938 (62) 0.7925 (150) 0.5264 (68) 1.1215

di/kHz —0.0483 (69) —0.0126 (42) —0.00581 (72) —0.03073

do/kHz 0.3471 (51) 0.01963 (162) 0.01151 (44) 0.02785

Nd 33 39 61 45

omsIkHz 1.54 1.02 1.64 2151

aNote thatDk values are not determinable for the complexes from the currenttdedues in parentheses are one standard deviation of the
fitted value in units of the last digit quoteéiPlanar moment of inertia, as calculated fré= (la + |, — 1)/2 = zimciz. The conversion factor
between moment of inertiaand rotational constants is taken as 505379 MiA2. ¢ Number of lines included in fittingg Root-mean-square of the
errors.

2. Experimental Section MHz analog-to-digital card, and then transferred to PC for
further analysis. All emission signals were split into Doppler
doublets due to the coaxial setup of the supersonic expansion
nozzle and the microwave antenna. The arithmetic mean
frequency of the doublets was taken as the true transition
frequency.

Microwave transitions were recorded in steps of 0.5 MHz in
the region of 6.518.0 GHz. Averaging of 1000 to 10000 shots
were performed to achieve acceptable signal-to-noise (S/N)
ratios.

All experiments were performed using a pulsed nozzle Fourier
transform microwave spectrometer whose details have been
presented befor¥. An outline of the spectrometer is briefly
summarized below.

Microwave radiation pulses of &s are introduced into a
Fabry—Perot cavity by an antenna to rotationally excite the
molecules. The cavity is composed of two confocal aluminum
mirrors with a radius of curvature of 50 cm. The distance
between the two mirrors is roughly 60 cm and can be tuned to
support microwaves of different frequencies. The cavity is
evacuated by an oil diffusion pump to maintain a pressure below
10 Torr. 3.1. Microwave Results and Assignment$Of the observed

A mixed solution of TFA and KO was cooled with an ice  lines, several were removed first by assignment to the known
bath. Helium was bubbled through the solution to carry the TFA transitions of the TFA monomkr and the (HO)..'® The
and HO vapor and to drive the supersonic expansions. The transitions of the TFA-(H,0) and the TFA-(H,0), complexes
molar ratio of TFA to HO in the gas phase was approximately with intensities similar to that of the TFA monomer were
5:4. The gas flow then passed through a pulsed nozzle with anassigned with the aid of ab initio-predicted rotational constants
0.5 mm orifice and underwent supersonic expansion. Complexes(see section 3.2). After these assignments, 20 weaker lines
were formed and cooled in the expansion, and were then excitedremained. Fitting of these lines to the other conformations of
by the microwave pulse. The emissions from the excited the TFA—(H,O) and the TFA-(H,O), complexes was tried,
complexes were detected by the exciting antenna, mixed in two but has failed. Thus, higher-order complexes between TFA and
stages to a frequency centered on 2.5 MHz, digitized by a 10 H,0, e.g., TFA-(H.O)s, were considered. A reasonable fit was

3. Results



Ring-Structured Complexes between TFA angDH

Pt s, N Ml s Al e hah
: y ; ; : : : :

Figure 2. Small splitting observed in the 5— 4, 4 transition of the
TFA—H,0 dimer due to the tunneling motion of the hydrogens in water.

TABLE 2: Predicted Rotational Constants and Their
Relative Deviations from the Observed Values

parameter TFA  TFA(H.0) TFA—(H0), TFA—(H20)3
A/MHz 3863 3828 (3830) 2531 (2561) 1721 (1752)
B/MHz 2519 1088 (1106) 718 (730) 490 (500)
C/IMHz 2083 997 (1012) 622 (633) 410 (419)
P.ul? 44.4  44.8 (44.8) 45,5 (45.6) 46.2 (46.5)
(AA/A)Y 0.06% 0.17%0.13%) —0.12% (1.07%)—0.72% (1.10%)
(AB/B) 0.79% 0.54% (2.12%) —0.08% (1.64%)—0.64% (1.29%)
(ACIC) 0.39% 0.37% (1.83%) —0.15% (1.65%)—1.05% (0.96%)
ua%D 1.8 3.2 3.0 1.7
/D 15 0.2 0.2 0.1
udD 00 12 0.0 1.1

@ The calculations were performed on the MP2/6-8%1G(2df,2pd)
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TABLE 4: Summary of the Observed Splittings in
TFA—(H,0) Complex

transition splitting Av/kHz) AvI(J+ 1)
I+ Dagr1—duy
41,4‘* 31,3 13.1 3.3
51,5‘_ 41,4 15.5 3.1
61,6‘* 51,5 18.5 3.1
71,7— 616 22.0 3.1
81,8‘_ 71,7 25.3 3.3
(.] + 1)1“]‘_ \Jl,Jfl
for all J, no resolved splittings
I+ Dog+r1— Jog
404303 - -
505 404 - -
60,6‘_ 50,5 11.7 20
70,7‘_ 60,5 14.0 2.0
80,8‘_ 70,7 17.1 2.1

for its three complexes with #. Searches for thé-type
transitions of the complexes in a ranged6? MHz around the
predicted frequencies with 10,000 shots yielded no signals. This
may be explained by the much smaller valuesupfthan u,
(see section 3.2). The lack of thetype transitions precludes
an accurate determination of tAgotational constant. Also the
centrifugal distortion constanBx cannot be determined, since
for a-type transitions th&, quantum number does not change.
No c-type transitions were observed for either the TFA

level.? Values outside parentheses are for the geometries that are fully monomer or its three complexes. For the monomer, the nearly

counterpoise corrected, whereas those inside parentheses are for th

geometries before counterpoise correctigri@anar moment of inertia
P.. The conversion factor between moment of ineftend rotational
constants is taken as 505379 MHA2. ¢ Relative deviations of ab initio
rotational constants, calculated &guiio — AobdAobg x 100%.° Dipole
moment from ab initio based on HartreEock density.

TABLE 3: Bond Lengths (A) and Binding Energies (cnm1)2
of the Global Minimal Conformations of the TFA Monomer
and its Complexes from ab Initio Calculations on the
MP2/6-311++G(2df,2pd) Level

parameter TFA  TFA(H0) TFA—(H:0), TFA—(H0);
Bond Length within the TFA Fragment
O1-H1 0.968 0.988 1.003 1.006
C-01 1.336 1.319 1.308 1.305
C-02 1.200 1.208 1.212 1.211
Intermolecular Hydrogen Bond Length between TFA AngDH
H1-03 - 1.746 1.625 1.601
H2—-02 - 2.235 1.933 1.902
H3—04 - - 1.791 1.737
H4—05 - - — 1.792
Binding Energies
De - 3501 7198 10075

aFully counterpoise corrections of geometries made. The binding
energies are free from BSSE, while no zero-point vibrational energy
(ZPVE) corrections are made.

achieved with TFA-(H,0)s, which confirmed the existence of

Slanar symmetry of TFA causes the-dipole moment to be
almost zero and has thus accounted for the absence otyipe
transitions. In the cases of the complexes, although the planar
symmetry has been broken and théipole moments of the
global minimal conformations are no longer zero, quick tun-
neling motions of the hydrogens in,@ is thought to displace
the c-type transition frequencies byv (wherev denotes the
tunneling frequency) from the asymmetric rotor model predic-
tions. Searches for the displacedype transitions have been
conducted, but no successful assignments have as yet been
achieved. The tunneling motions are discussed in section 3.3.

The transition lines of each species are listed in Supporting
Information A. The fitted principal rotational constams B,
andC, together with the centrifugal distortion constabtg Dk,

Dy, d; andd, in Watson’s symmetric reduced Hamiltonians,
are listed in Table 1.

For the TFA-H,0 dimer, small splittings have been observed
due to the tunneling motions of the two hydrogens in th®H
fragment, which is discussed in section 3.3. Two states, one
with nuclear spin statistids= 3 and the other witth = 1, have
been observed. It is therefore noteworthy that the third column
of Table 1 has only listed the fitted rotational constants of the
state withl = 3. For those of the other state, orfyand C
need to be modified, which can be readily derived by subtracting
the AB and AC (as noted in section 3.3) to those of the listed
ones.

this large complex composed of four molecules in the supersonic 3 2. Ap Initio Results. Ab initio calculations were performed

expansion. With the fitted, B, andC rotational constants from
these 20 weak lines of TFA(H,0);, the whole set of its

using Gaussian 0% to give estimates of the structures of the
complexes. The calculations were carried out at the second-

transitions was predicted, and 25 more lines were located neargrder Mgller-Plesset perturbation level (MP2)with the
the predicted frequencies when an increased number of ShOtSB_311++G(2df,2pd) basis set. Core electrons were frozen in

were applied.

Eleven lines are still left unassigned with very low S/N.
Attempts to fit them to even larger clusters, e.g., the A
(H20)4, are currently being conducted.

TFA monomer and its complexes are all prolate-top mol-
ecules. Botha- and b-type transitions have been recorded for
the TFA monomer, but only-type ones have been recorded

the calculations. In the first-run of geometry optimization, no
counterpoise corrections were made. After convergence, the
output geometries were further optimized with full counterpoise
correctiond! in order to minimize the effects of basis set
superposition error (BSSE). The binding energies were calcu-
lated by subtracting the energies of the free monomers from
the counterpoise corrected energy of the whole complex.
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Figure 3. Three tunneling motions that connect the four minima.

The optimized geometries of the global minima of the TFA, for the TFA monomer, the theory seems to predict a “smaller”
TFA—(H,0), TFA—(H20),;, and TFA-(H,0); are shown in size. If one assumes that the geometry of the TFA monomer
Figure 1. All of the hydrogen bonds in the three complexes are only changes slightly upon complexation with®{ then this
located in a single ring. Other conformers of these complexes underestimate of the monomer size will be inherited by the
with branched hydrogen bonds lie at least 1000 tmbove different complexes, which tends to make the predicted rota-
their global minimum. This is in agreement with the calculations  tional constants of them larger than the observations. However,
of Wei et al® and Aloisio et af? for formic acid and HO this effect is likely to be assailed by an overestimate of the
complexes, and of Escribatior nitric acid and HO complexes.  intermolecular hydrogen bond length by the ab initio calcula-

Two sets of theoretical rotational constants of the complexes, tions, which makes the predicted rotational constants smaller
one for the geometry before the counterpoise correction andhan the observations. This trend becomes more evident when

the other for that after the counterpoise correction, are included jore hydrogen bonds are formed from TF@&4,0) to TFA—
in Table 2. The good agreement with the observed values (H20)s.

tabulated in Table 1 confirms the assignment of the microwave . . L
transitions to the three complexes shown in Figure 1. Besides the rotational conzstants, the planar moment of inertia,
The MP2 method with the 6-331+G(2df,2pd) basis setis e = (la ¥ Ib = 1J/2=3imcf, can act as another index to test
a good combination for geometry predictions for these hydrogen- the precision of the_ ab initio calculations. I_n the case of the

bonded TFA and kD complexes, as is evident from Table 2. TFA monomer and its complexes, the magnitud®gfeflects
The counterpoise correction has the effect of moving the NOW many atoms and how far they are located out ofathé
monomers apart and therefore decreases the rotational constant¥/ane, i-€., the plane in which the carboxylic group and all of
of the complex. This modification, although minor, improves the hydrogen bonds are lying. Again start with the TFA
the quality of the predictions. The errors of the counterpoise monomer. Ab initio calculations slightly underestimae of
corrected rotational constants are less thah.1% of the  the Ck group, the only one that contributes B of TFA.Y
observations. When we move to TFA(H,0), the unbound hydrogen in,@

The relative deviations of the ab initio predicted rotational sticking out of the plane (Figure 1) will make extra contribution
constants, as shown in Table 2, move from positive values to to Pc of this complex. This extra contribution was well predicted
negative ones as the size of the complex increases, whichby ab initio calculations, as the calculataé. between TFA-
suggests a trend from underestimating the “size” of the bulk H,O and TFA monomer, i.e., 0.4 #Aagreed well with the
molecule to overestimating it. The current level of theory observed 0.3 uA Reasonable agreement is also achieved in
predicts the geometry of J® monomer quite accurately, but the case of TFA(H0),, as theAP. between this complex and
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the TFA monomer from ab initio is 1.1 @A which again
compares well with the observed 0.82&or the TFA-(H,0)s,
however, theAP. between this complex and the TFA monomer
from ab initio is 1.8 u&, significantly lower than the observed

To facilitate analysis, we can denote the conformations with
H1 bound in the plane and H2 lying above or below the plane
as|l2udand|12d]) respectively. Similarly21u‘and|21d]can
represent the other two conformations with H2 bound in the
3.9 u®. This suggests that the TFAH,0)s complex isless plane and H1 lying above or below the plane. The intercon-
planar than the ab initio calculation has predicted. version of these four conformations requires the tunneling of

Some of the covalent or hydrogen bond lengths within the the two hydrogens in the @ fragment, by undergoing
hydrogen-bonded rings for the TFA monomer and the three “hindered rotation” about the £axis of HO (Mode I), about
complexes are listed in Table 3. The changes of bond lengthsthe lone pair of the O atom (Mode Il) or about the in-plane
show a rather uniform trend on going from the TFA monomer O—H bond (Mode 1l1). These three motions effectively connect
to its higher-order complexes with water. The-€H1 bond in the four minimal conformations, as shown in Figurevg.v;
the TFA fragment gradually lengthens as mog©Hnolecules andvs are used to denote the tunneling frequencies associated
are added, which suggests that the hydroxylic hydrogen in the with the three tunneling modes.

TFA is moving toward dissociation. The shortening of the Since the TFA-(H,0) complex is non-rigid, it does not have
C—01 bond and lengthening of the<©2 bond further confirm a definite point group. Thus we have to consider the permuta-
this trend. The difference between the carboxylie @L and tion-inversion group in order to construct the tunneling wave-
the carbonyl G-02 bond lengths decreases from 0.136 A in functions. The permutation and inversion grétim terms of

the TFA monomer to 0.111 A in TFA(H20), 0.096 A in TFA- the two hydrogen nuclei in ¥ is E, (12), E*, (12)*. If we
(H20),, and 0.094 Ainthe TFA(H2O)s and is expected to be  start with the conformatiofiL2u’] then these four operations in
0.000 A in CRCOO™ anion when the TFA has fully ionized.  the group will generate the conformatiofi2u) |21 |12d]

The intermolecular hydrogen bonds become shorter as moreand |21d]] respectively. It is noteworthy that the label such as
H>O molecules are bound. The distance between the carbonyl|12uindicates the internal vibronic wavefunction for the
oxygen O2 in the TFA fragment and its nearest bound hydrogen corresponding conformation.

H2 is shortened from 2.235 A in the TFAH0) to 1.902 A The character table for this permutation-inversion group is
in the TFA—(H20)s. The distance between the hydroxylic shown in Table A-5 in ref 24. With the help of the character
hydrogen H1 in the TFA fragment to its nearest bound oxygen table, the tunneling wavefunctions of the four states can be
03in H,0 is shortened from 1.746 A to 1.601 A. The hydrogen constructed as:

bond between the ¥ fragments in TFA-(H,0); is also found

to be shorter than its counterpart in TFA,0),. The shorten-

ing of the lengths of the hydrogen bonds coincides with the
increase of their bond strengths. For example, the differences
in binding energies are 3700 ciand 2870 cm?, respectively,
with only one more hydrogen bond formed each time when one
goes from TFA-(H20) to TFA—(H2O), and then to TFA
(H20)s. The more favorable binding sites, together with the
hydrogen bond cooperativity effecsaccount for this.

¢l=%{|12u} |21 |12d7H [21d)
q>2=%{|12u]+ 121U |12d7+ [21d}

q>3=%{|12u} 21U |12d7 [21d]

3.3. Tunneling Motions in the TFA—(H,0). Small splittings
were observed in some of thetype R-branch transitions of
the TFA—(H20) complex, as summarized in Table 4. An
illustrative presentation of the splitting is shown in Figure 2.

q>4=%{|12u} 121U |12dH [21d]

The energy of the four tunneling states can be derived by
calculating the matrix elemenriid;| %[®;C] For example, the

Since there are no other factors that may cause splittings, weenergy of state 1 is:

conclude that tunneling of the two hydrogens in theOH
fragment is responsible for the splittings. Cleauy tunneling

states are present, each with its own set of rotational constants.

To the first-order approximation, tteetype R-branch transition

[, 7, = %{[D2u| + 214 + 02d + R21d] ]| 120+
21U |12d7+ [21d]}

frequencies for an asymmetric rotor is given by:

(B+3C)/2)3+ 1) for (J+ 1)y 551 Iy,
v={(8B+ C)2)J+1) for I+ 1), Iy,
(B+C)J+1) for O+ o301 Joy

by noting that:

M2 712U = R21u.721u= [12d 7[12d =
21d 721d3= E,

[2u7721u}= 21U12u}= [2d 721d =

The splittings of the different(+ 1) < J transitions between
the tunneling states are therefore proportionalAB ¢ 3AC)/
2, (3AB + AC)/2, or (AB + AC), with AB and AC denoting
the difference oB andC between the two tunneling states. By

dividing the observed splittings witld (+ 1), we derive AB + o _ h_Vl
3AC)/2 = 3.2 kHz and AB + AC) = 2.0 kHz, as shown in 21d7121d = 2
Table 4. This give®\B = —0.2 kHz andAC = 2.2 kHz. Again - - o

no information ofAA can be acquired because of the lackof H2usg21di= 21q5712u0= D2d 21U = h
and c-type transitions. Note that 8 + AC)/2, the constant . _
controlling the splittings of theJ(+ 1); 5 < J15-1 is 0.8 kHz, 21ugni2d = 2
only one-third or one-quarter of those controlling the other two o o o

splittings. It is therefore not surprising that for this transition 2us712d = 02d o1 2u = 2145421 d=

the splitting is not clearly resolved as the other two. The question 21d. 721Uk — h_”s
follows as what are the two tunneling states we have observed? 2



6170 J. Phys. Chem. A, Vol. 111, No. 28, 2007
5000 -
O Model
o Modell
4000 - Mode Il

1

3000 -

2000 |

Barrier height / cm

1000

N T M T N Ll I T T
100 120 140 160 180

80

#/ degree

Figure 4. Barrier for the three tunneling modes. The barrier for Mode
Il has been multiplied by a factor of 3 to make it observable.

in which Ey is all the other energies other than the tunneling
one, whilevy, v, andvs are the tunneling frequencies of the
three tunneling modes shown in Figure 3. The energy of the
other three states can be derived in a similar way. The relative
energies of the four states, after discardig are therefore:

Efh=— 2+ 242
Efh=+ 2+ 22
Eh=+2— 24

Ouyang et al.
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Figure 5. Energy diagram of the four tunneling states of T&,0).
| is the nuclear spin statistical weight of the state.

TABLE 5: Equilibrium Constants of TFA —(H,0) and
TFA—(H;0), at Different Temperatures with Standard
Pressurep® = 1 bar

equilibrium constant

temp (K) TFA—-(H0) TFA—(H20),
320 1.44 7.75 1071
310 2.20 1.83
300 3.46 4.58
290 5.64 1.23x 10
280 9.52 3.5 10
270 1.67x 10 1.09x 1¢?
260 3.07x 10 3.74x 1%
250 5.94x 10 1.41x 103
240 1.21x 1% 5.95x 10°
230 2.64x 107 2.85x 10¢
220 6.20x 10¢ 1.58x 10°
210 1.58x 1P 1.03x 1C°
200 4.41x 10° 8.18x 10P

any of the fundamental vibrations is difficult. However, since
tunneling mode Il has both a longer tunneling distance and a

In terms of energy sequence, state 1 no doubt lies on thehigher barrier than mode IIl (as shown in Figure 4), it is
lowest level, whereas the order of the other three depends onf€asonable to conclude that the tunneling for mode Il will be

the relative magnitude of the tunneling frequenaigsy,, and

v3. According to the following equation proposed by Dennison
and Uhlenbeck?® the magnitude of the tunneling frequeney

is given by:

v =%J « ex;{— E) [0 [2u(v — Wy ¥ dx

in which v is the tunneling frequencyy is the frequency of
the related vibrationy is a half of the tunneling distance,is
the reduced mass of the tunneling motivns the barrier height
of the tunneling motion, anWV is the total vibrational energy.
The potential curves/(x) for the three possible tunneling
motions have been scanned using MP2/6-8+G(2df,2pd).
The results are shown in Figure 4. The geometries of the TFA
and HO fragments were frozen during the scan for consideration
of computer costs. It is not surprising to obtain a much higher
barrier for mode | than for modes Il and 1l since tunneling of
the two hydrogens around the &xis moves both the hydrogen-
bonded H and the lone pair of the O atom in th&Hragment,
and thus breaks both hydrogen bonds between TFA a@ H
The candidate vibrations that may help to overcome the
tunneling barrier fall in the range of 14@40 cnt! (calculated
on HF/6-31(d) level and then scaled, see Supporting Information
B). The fourth normal mode (149 cj can be easily identified
as the one related to the tunneling mode Ill, whereas for the
remaining two tunneling modes, a clear connection of them with

more difficult than mode Ill, and the frequency connected with
this mode, i.e.,v, should be smaller thams;. By analogy,
tunneling mode | with a similar tunneling distance, but a barrier
height 5-8 times higher than mode Il is no doubt the most
difficult one, andv; should be much smaller than botk and

vs. Using the equation of Dennison and Uhlenbeck, we have
qualitatively calculated:; to be about 11 cm, while bothv;
andv, are smaller than 2 cmt with v; << v,.

In light of the above order of tunneling frequencies, the energy
diagram of the four tunneling states can be plotted, as shown
in Figure 5.

In the presence of the tunneling of the hydrogens, we also
have to consider nuclear spin statistical weights. The statistical
weight of a state is determined by the symmetry of the state
with respect to the interchange of identical hydrogen atoms.
The tunneling wavefunction will be symmetric if the character
for operation (12) on the state-isl, and will be asymmetric if
the character is-1. Because the hydrogen nuclei are spin half
fermions, the symmetric tunneling wavefunctions can only
combine with asymmetric nuclear spin functions, while the
asymmetric ones can only combine with the symmetric nuclear
spin functions, to make the overall wavefunction asymmetric.
From this argument, we deduce the nuclear spin statistical
weight of state®;, ®,, P33, and @4 to be 1, 1, 3, and 3,
respectively.

The intensity ratio of the two observed split transitions (see
Figure 2) is approximately 1:3. This ratio, in conjunction with
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the above analysis on nuclear spin statistical weights, suggests H H H
that we have actually observed two states out of the total four, o o 0o \ o"“‘“H
with one being singlet and the other being triplet. In consider- / //
ation of the strong cooling effect of the helium supersonic - —C<_ H —C

. . FiC™ 7N H
expansion (to~1 K), the populations on the two upper states : o : o
(~11 cnrt higher than the two lower ones) must have been y B

completely converted to the two lower ones, i.e., frdmto _ o .
@, and from @, to @z which is allowed by nuclear spin Figure 6. Two distinguishable conformations of TFAHO).
selection rule. The depopulation fro@y to ®; is forbidden by

the same selection rule. This explains vitwp states are present

in the expansions.

Interestingly, similar 3:1 doublets have also been observed
in the microwave spectroscopy study of a similar acidter
complex, i.e., the HN@-H,0, by Canagaratna et alMore-
over, they noticed that the observed tunneling was completely tu
quenched when the out-of-plane H was substituted by D.
This result is again in agreement with current analysis. When
the two hydrogens are not identical, tunneling modes 1 and 2
in Figure 3 will no longer be feasible:; + v, as a result
will be zero, which means that the two observed tunneling
states 1 and 3 will merge into a single one with no splittings
observed.

The selection rules for electric dipole transitions can be
determined with reference to the group theory. In summary,
rotational transition selection rules for the four tunneling states
are:

(1) for a- andb-type rotational transitiongp;<> ®;, ®, <
Dy, P3P, and P, < P4 are allowed.

(2) for c-type rotational transitionsp; < ®, and®z < &,
are allowed.

According to the selection rules discussed abovecttype
transitions can only occur between different tunneling states.
This will move thec-type transition frequencies by-y (where
v is the tunneling frequency) from the asymmetric rotor model

monomers, scaled them by following the procedures elaborated
in the work of Scott and RadoAi,and then compared them
with the experimental ones. The results were shown in Sup-
porting Information B. Good agreement can be found between
the calculated and the experimental values.

Special attention is required in determining the effect of
nneling motions on the magnitude of partition functions.
Consider the TFA(H,O) complex as an example. If the
tunneling motions were absent, we will end up with two
“independent” conformations, one with the unbound hy-
drogen pointing “up” the plane and the other with the unbound
hydrogen pointing “down”, as shown in Figure 6. These
two conformations have degenerate energy levels because
they are the mirror images of each other, but they are also
an enantiomeric pair since they cannot be interchanged by
three-dimensional free rotations. The partition function of HA
(H20) should therefore be multiplied by a factor
of 2.

When the tunneling motions are present, the energy levels
will be split and we will end up with four tunneling states with
different nuclear spin statistical weights, as shown in Figure 5.
The two lower states will be slightly favored by Boltzmann
distribution, whereas the two upper ones will be disfavored.
The equilibrium constant of the TFA(H,O) complex against
the monomers in the presence of tunneling can be calculated

predictions. The operatgr; that connect the two states is not using eq 2.

that of any of the four fully delocalized tunneling state whose —

c-dipole moment is obviously zero, but that of the four local- = PTFA~(:0)

ized global minima whose-dipole is not zero. From this point 0 Dk n AP 0w

of view, the c-type transitions between different tunneling z O x €777 X — X (Np)"[/(Grea % (A,0)7) (2)
states are only observable if the frequency ranget v, is n 4

covered.

3.4. Partition Functions and Equilibrium Constants. The
equilibrium between the complexes and the monomers are liste
in eq 1. The equilibrium constants can be calculated by deriving
the partition functions of each spec#8s.

whereq,, Dy, andl, denote the overall partition function, the
ddissociation energy, and the nuclear spin statistical weight of
the nth tunneling state, respectivelfNa is the Avogadro
constant. The 4 in the denominator is the number of nuclear
spin functions for two hydrogensy-—n have been assumed to

- _ be the same as that of the global minimum conforma#gioh,
TFA+ H0 = TFA=(H;0) has been derived in section 303, is calculated with eq 3 where
TFA + 2H,0 = TFA—(H,0), (1) Do is the dissociation energy of the global minimum conforma-
tion A (or B).

The translational and rotational partition functions of the
different species can be readily determined since the mass and
the rotational constants of all of the species are known. For
zero-point vibrational energy (ZPVE) corrections to binding

5 v+ v, + 1/3)
energy and for the calculation of vibrational partition functions, D
D

,=Dy+h

D,+h
we also need the vibrational frequencies of the monomers and °
complexes. The required binding energizswere calculated
at the MP2/6-311+G(2df,2pd) level, as shown in Table 3.
The calculation of vibrational frequencies were conducted at
the HF/6-31G(d) level. This combination of method and basis
set has been tested for a wide range of molecules by Scott and
Radon?” and has been recommended as one of the most
successful combinations. For TFA—(H20),, the number of distinguishable conforma-
As a further test of the performance of HF/6-31G(d), we have tions is four, as shown in Figure 7. The energies of conformation
calculated the vibrational frequencies of the TFA angDH A’ andB' are degenerate since they are the mirror images of

2
3

[
(Vl_Vz_Vs)
2

v, tv,— v
Do—i-h(—l 22 3)

—vy— v, + V3)

m=%+% 5 3)
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H H Cand D' }
, g Dy_.16
H—o0 H—0o
H H
(0] O
// \ LanntH // \O‘H
AD
Fe™ O —H FC g —H 0
A’ B’
A'and B'

] Dy g

H—o H—o Figure 8. Energy diagram of the TFA(H20),. ADy is the dissociation
energy difference between the minimal conformatidhandC' shown

‘I

o \ o in Figure 7.v denotes the tunneling frequency with<< ADq. The
// o“H // \ LanH dashed lines mean that the exact energy sequence of the tunneling states
. 0 is not clearly resolved.
FoC™ " o—H FoC™ O g —H 20
] Middle latitude, Summer
18 -
| c | > 16 o TFA-(H,0)
Figure 7. Four distinguishable conformations of TFAH,O).. o o & TFA '(Hzo)z
each other. This also applies to conformatiGh and D'. £ 121 0 . 2
However, the dissociation energy different®, betweenA’ x ] % o o
and C' is about 43 cml The interactions between the g 107 E
wavefunctions of conformationg\ and B' and those of T 8- ' o
conformationsC' andD' are therefore assumed to be negligible = 6. =
since the energy degeneracy is lost. Analysis of the tunneling": ] o o
states and their nuclear spin statistical weights have been 4 %
included in Appendix A. The energy diagram for the tunneling 2+ O o
states in TFA-(H20), is plotted in Figure 8. 0 %
Thg equilibrium constant of TFA(H»0), against the mono- 1E-8 A1E-7 A1E-6 A1E5 A1E4 A1E3 001 04 4
mers is calculated according to eq 4. P
0. Dik In 2 20+ . : :
Ko tra—(,0), = z qy x e x 2 x (N -~ Middle latitude, Winter
n
0 0 2 | o TFA-(H,0O)
X 4 16 2
(Area X (Gh,0)) (4) - 3 TFA-(H,0),
where g, D, and I, denote the same parameters used in g 12 v i %
eq 6. The 16 in the denominator is scaling factor to take == 10 -y &
account the number of nuclear spin functions for four g ] e o
hydrogens. 2 B B R
For TFA—(H20),, the hydrogens in the two 4 molecules I 61 o o
are required to tunnel simultaneously to yield the other 4] %
degenerate conformation, e.g., frakhto B’ or from C' to D'. ] . o
Both the tunneling mass and the tunneling barrier will roughly 24 _ s
double when going from TFA(H20) to TFA—(H20),, 0+ o
which will lower the magnitude of tunneling frequencies 1E-7 1E6 1E-5 1E4 1E-3 0.01 0.1 1
exponentially. Given that even the largest tunneling frequency 7z

in TFA—(H;0) is only about 11 cnv, it is fairly safe to - Figure 9. Ratio of the mixing pressures of the TFA complexes to that
conclude that the upper limit of the tunneling frequencies in 4t the TEA monomer.

TFA—(H,0), should not have exceeded 5 th This small

splitting of energy levels is of negligible influence upon the The calculated equilibrium constants at different temperatures
partition function of the species when the temperature range in are tabulated in Table 5. The rafioof the mixing pressures of
question is between 26820 K (typical tropospheric temper-  the complexes to that of the monomer of TFA in the atmosphere

atures), which implies that: can be calculated with eq 6.
D, g=Dy =Dy Prra-n,0) Pr,0
_ = = _ X —
Dy ;6= Do = Dy — AD, (5) ATFA-0) = T p PTFA=(40) X "0
. . _ . 2
where [y is the dissociation energy of the minimal confor- _ Prea-(+,0), _ Pr0
mation A’ shown in Figure 7, and\Dg is the dissociation XTFA-(H,0), — Prea — RpTRA-(H,0), * po

energy difference between conformatiérandC', i.e. 43 cntl, (6)
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Using the equilibrium constants in Table 5 and the atmo- 6-311++G(2df,2pd) and aug-cc-pVTZ basis sets, both with the
spheric mixing pressure of water vapor, it is possible to estimate MP2 method. The binding energy from the former basis set is
y at different altitudes. The values of the mixing pressure of about 200 cm?! lower than that from the latter one, which serves
water vapor and the temperature at different altitudes are takenas another example illustrating that the binding energies of the
from the work of Ellingson et &8 The calculateg are shown complexes may have been underestimated. Because of the large
in Figure 9. size of the system in question, it is not viable to apply either a

Our current calculation shows that about 8% TFA monomer higher correlation method or a larger basis set to calculate the
will bind with H,O to form the TFA-(H20) dimer in the lower binding energies.
troposphere (81 km). However, we believe that there isalarge r\ve assume that the true binding energy is about 10% higher
error associated W|th this _result d_ue to the un_derestlmate of theéihan the one we calculated using MP2/6-831G(2df,2pd) (this
binding energy, which will be discussed briefly in the next value was taken from that of the §8), case), the equilibrium

section. The fractions of even higher-order pomplexes, .9, constant of the TFA(H,0) and TFA—(H,0), will correspond-
TFA—(H20),, are of more than 1 order of magnitude lower than ingly be increased by factors of 5 and 30, respectivelyT, at

th_(ﬁ cti)lmler. Afs the eélltgudet m&reaies, fgrmatlon offt?rtle complextes 300 K. The fractions of TFA(H,0) and TFA-(H.0), at the
will b€ [ess favored due to he sharp decrease of the concen ra'Iowertroposphere in mid-latitude region are therefore 40% and

tion O.f H;0 vapor. This trend holds in both the summer and 8%, respectively, of the TFA monomer. This implies that the

the winter. abundance of these TFA complexes may be comparable to that

of the monomer in the atmosphere. How the physical and

chemical behavior of TFA and its lifetime will be affected by
The experimentally observed rotational constants of the three complexation with HO in the atmosphere is therefore worthy

different orders of complexes between TFA angDHoincide of further investigation.

with the ab initio predictions. All three complexes possess ring

structures in which all of the hydrogen bonds are located. The  aAcknowledgment. The support of the EPSRC is gratefully

ab initio results indicate that conformations with ring structures 5cxnowledged. B.O. expresses his thanks for the Ministry of

are the global minima for all three complexes. Education of P.R. China and the British Department for
The identification of the TFA-(H20)s tetramer indicates the  qycation and Skills for jointly providing the China/UK Post-

formation of this species by collisions between the existing graduate Scholarship to support his study at the University of
clusters in the expansions, which are much less frequent thangysorg.

those between the monomers. The formation of HtA,0)3
illustrates the “sticky” nature of the 4@ molecules. _

Attempts to identify even larger ring-structured complexes Appendix A
are currently being conducted. The formation of these complexes
is thermodynamically favored since the temperature in the
supersonic expansions is as low as 1 K. However, kinetically

the formation of large clusters requires the participation of 3 and 4, respectively, with 1 and 2 in the®ibinding to the
smaller clusters or monomers. Given the requirement of multiple €@rPonyl oxygen of TFA and 3 and 4 in the@ibinding to the

collisions, the concentration of larger clusters is likely to be Carboxylic ,h_ydr(_)gen of TFA. Accordingly, the minimal con-
less. Moreover, larger clusters have larger rotational partition formationA”in Figure 7 is denoted g4 2u 3 4dI The feasible
functions and hence the population per level will again be less, permutation and inversion operations for this conformatlon will
making the observation of their spectral lines more difficult. ~ P€ E. (12), (34), (“12_)(34)3; (12)*, (34)*, and (12)(34)*, if
There are several papers available in which the equilibrium W€ @ssume that “hindered” rotations around thea@is, the
constants of the 1:1 hydrates are evaluated for different acids,'©N€ pair of HO molecule and the in-plane-eH bond of HO
e.g., hydrate of nitric acié® nitrous, nitric, and pernitric acitf, are feasible. These operations will then give us the following
However, the authors do not seem to have taken into accountconformations which are all degenerate in energy wAth
the chirality of the complexes when calculating the equilibrium Denote them as, — dg, respectively.
constants. We believe that all of the equilibrium constants need

4. Discussion

Tunneling Wavefunctions of TFA—(H20),. The four hy-
drogen atoms in the two 40 molecules can be labeled as 1, 2,

to be multiplied by a factor of 2 in order to account for the E: |12u34d+|12u34d]
chirality effect.
The greatest uncertainty in the determination of the equilib- (12): |1 2u 3 4d+ |2 1u 3 4d]

rium constants lies in that of the binding energy, the magnitude
of which will be influenced both by the method and by the basis
set applied. The current level of theory used to calculate the (34): |1 2u 3 4d1— |1 2u 3 4d]
binding energy is MP2/6-3H+G(2df,2pd), which seems to
perform quite well in predicting the geometries, but is not
sufficient if accurate binding energies are desired. For example, (12)(34): |12 1u 4 3d1+— |1 2u 3 4d]
we have examined the performance of this combination on the
calculation of the binding energy of (@), the value of which
has been evaluated on the CCSD(T)/aug-cc-pV6Z [&vEhe E* 112u34di—|12d 3 4ul
CCSD(T)/aug-cc-pV6Z binding energy is 10% larger than that
from MP2/6-311+G(2df,2pd), which gives some indication
that the current level is not adequate for the accurate calculations
of binding energies.

To check the influence of basis set choice, the binding energy *-
of the formic acid-(H,0O) dimer has been calculated with the (34)* [12u3 4di—~|12d 4 3ul

(12)* |1 2u 3 4d3— |2 1d 3 40
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1

V8

{|12u 3 4dH |2 1u 3 4d+ |1 2u 3 4d |1 2d 3 4+
11 2u 3 4d— |2 1d 3 40+ |1 2d 4 3uH |2 1d 4 3u}
lg=3 (7)

(12)*(34): 11 2u 3 4d1— |2 1d 4 3l O, =

g =
The character table for this group is shown as Table A-23 in
ref 24,

The nuclear spin statistical weight of a specific tunneling state
can be determined by examining the characters of the (12) and
(34) operations of this state. Take the steas an example.
The character of (12) is 1 and that of (34) is also 1, which means  These eight tunneling states lie on the energy levels of the
that the tunneling wavefunction is both symmetric with respect |ow branch, as shown in Figure 8. The upper eight tunneling
to the interchange of hydrogen 1 and 2 and is symmetric with states can be constructed in a similar manner, when starting

respect to the interchange of hydrogen 3 and 4. As a result, itwith conformationC', and is not detailed here.

shall combine with the asymmetric nuclear spin wavefunction
of hydrogen 1 and 2 and with the asymmetric nuclear spin

Supporting Information Available: Tables of observed

wavefunction of hydrogen 3 and 4 because hydrogen is atransition lines and vibrational frequencies of TFA monomers

Fermi—Dirac particle. The nuclear spin statistical weightdef
is therefore 1x 1 = 1.
The eight tunneling wavefunctions for statds < ®g can

and dimers. This material is available free of charge via the
Internet at http://pubs.acs.org.

be constructed with the help of the character table. They are References and Notes

shown together with their respective spin statistical weights in
eq7

1

V8

{11 2u 3 4d} |2 1u 3 4dH |1 2u 3 4dH |1 2d 3 4+
112u 3 4dH |2 1d 3 4H |1 2d 4 3uH |2 1d 4 3u}
=1

D, =

1

V8

{|12u 3 4d3+ |2 1u 3 4d3H |1 2u 3 4d- |1 2d 3 4+

112u34d |2 1d 3 40— |1 2d 4 3 |2 1d 4 3}
=1

@,

b, =

° /8

{11 2u 3 4d}- |2 1u 3 4dH |1 2u 3 4dH |1 2d 3 4+

112u34d |2 1d 3 4uH |1 2d 4 3u- |2 1d 4 34}
l,=3

¢:

e

{|12u34d |2 1u 3 4d |1 2u 3 4dH |1 2d 3 40+

112u34d- |2 1d 3 4 |1 2d 4 3uH |2 1d 4 3}
I,=9

1

V8
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112u34dH |2 1d 3 40— |1 2d 4 3uH |2 1d 4 3}
;=3
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1

V8
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11 2u 3 4dH |2 1d 3 4uH |1 2d 4 U |2 1d 4 3}
ls=9

Dy =

1

V8
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