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High-resolution microwave spectra of the propanoic acid monomer (PPA) and two of its hydrates, the
PPA—(H,0O) and the PPA—(H;0),, were recorded using a pulsed nozzle Fourier transform microwave
spectrometer. The rotational and centrifugal distortion constants of these species were determined. Agreements
between the experimental and ab initio results of these constants, and of the planar moment of inertia, the
dipole moments, and the orientation of the PPA relative to the H,O confirm the geometry of the hydrates, i.e.
H,0 binds to the carboxylic group of PPA and forms hydrogen-bonded ring complexes. The equilibrium
constant and the change of entropy and enthalpy for the formation of PPA—(H,O) were also derived, based
on the calculation of partition functions, to evaluate the abundance of this monohydrate in the troposphere.

1. Introduction

Propanoic acid (PPA) is composed of an alkyl group
(CH3CH,—), which is hydrophobic, and a carboxylic group
(—COOH) which is hydrophilic. The coexistence of the two
makes PPA behave more or less like a surfactant—it is both
miscible with water and can also be removed from it by adding
salt. As the third most abundant monocarboxylic acid in the
atmosphere,! PPA can “capture” the H,O molecules to form
hydrates. It therefore acts as an effective component in the class
of water soluble organic aerosols (WSOA)? that has been
confirmed to be an important class of cloud condensation nuclei
(CCN).? More importantly, the presence of the hydrophobic
alkyl group can help the cloud droplets, especially those near
the critical size formed on these nuclei, to overcome the barrier
imposed by surface tension* and thus encourage the formation
of clouds.

In previous microwave spectroscopic studies,’” the structures
of some acid—(H,O) monohydrates were determined with the
acids acting as hydrogen bond donor and the water as acceptor.
In a few cases,”!° the acid—(H,0), dihydrates and acid—(H,O)3
trihydrate have also been successfully observed. The structures
of these hydrates can be deduced from the rotational constants
through fitting of the spectra. This deepens our understanding
of the hydrogen-bonding interactions between the different acid
molecules and the ubiquitous H,O molecules.

Formation of hydrates vividly mirrors the condensation of
H>O molecules on the PPA, one of the WSOA, on a molecular
scale. Inspired by this, we studied the hydration of PPA in the
gas phase using Fourier transform microwave spectroscopy. The
high-resolution rotational spectra of the acid and its mono- and
dihydrates were recorded and fitted. It is shown that —COOH
is the active site to which the H,O molecules bind. Both hydrates
possess hydrogen-bonded ring structures. High-level ab initio
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calculations were performed to assist structural assignment and
to give the binding energy of the hydrates. The partition function
of the PPA—(H,0) dimer has also been calculated, and the
equilibrium constant, the change of enthalpy, and entropy at
different temperatures for this very first hydration step were
derived.

2. Experimental Details

All experiments were performed on a pulsed nozzle Fourier
transform microwave spectrometer (FTMS). Details of the free-
jet Fourier transform microwave spectrometer have been
presented before.'” An outline of the spectrometer is briefly
summarized below.

Microwave pulses of 2 us are introduced by an antenna into
a Fabry—Perot cavity to excite the molecules. The cavity is
composed of two confocal aluminum mirrors with diameter of
65 cm and radius of curvature of 60 cm. The distance between
the two mirrors is about 50 cm and can be tuned to support
microwave frequencies in the range of 3—18 GHz. The cavity
is continuously evacuated by a diffusion pump to keep the
pressure below 107 torr.

The gas sample was prepared by bubbling helium through a
mixed solution of PPA and H,O (50:1, v/v). The molar ratio of
PPA to H,O in the gas phase was approximately 2:1. The gas
flow was pulsed through a solenoid valve into the high-vacuum
cavity and then underwent supersonic expansion during which
the molecules were cooled and the complexes were formed. The
complexes were then excited by the microwave pulses. After
the cavity ring-down of the input microwave pulse, the emission
of the excited molecules was recorded by the same antenna used
for excitation, mixed in two stages down to a frequency centered
at 2.5 MHz, digitized by a 10 MHz analogue-to-digital card,
and then transferred to a computer for further analysis. Due to
the coaxial setup of the gas nozzle and the antenna, all emission
signals were split into Doppler doublets. The arithmetic mean
of the doublets was taken as the true transition frequency.
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Figure 1. Global minimum conformation of the PPA monomer, the PPA—(H,0), and the PPA—(H,0), hydrates. The equatorial pictures of them

are displayed directly above them.

TABLE 1: Ab initio Rotational Constants of PPA,
PPA—(H;0), and PPA—(H,0),*

TABLE 2: Observed Transitions of the A-State of PPA
Monomer

parameter PPA PPA—(H,0) PPA—(H,0), transition Vobs/ MHzZ Av?/MHz
A/MHz 10 169.06 8163.20 3628.06 a-type
B/MHz 3860.86 1627.87 1103.34 Tog <= Ooo 6693.0549 —0.0012
C/MHOZ 2896.94 1383.52 857.56 21— 14, 12 443.3766 0.0044
Pl A? 3.07 3.54 4.01 202 < 1oy 13 288.5526 —0.0008
us/Debye  0.15 0.34 0.27 201 — 1o 14 328.7840 ~0.0051
1y/Debye 1.49 0.13 0.11 botype
p/Debye 0.00 118 0.03 11— Ooo 13 030.5368 —0.0015
@The calculations were performed at the MP2/6-311-++G(2df, Lo~ loa 7280.1971 0.0020
2pd) level with counterpoise corrections made in the geometry 202 11 6951.0732 0.0020
optimizations. ” Planar moment of inertia P.. The conversion factor 211 < 202 8320.4326 0.0018
between moment of inertia / and rotational constants is taken as 305 212 14 203.3834 0.0014
505 379 MHz u A2. < Dipole moments based on the MP2 densities. 312 303 10 053.4284 0.0014
413 — 300 10 779.4258 —0.0006
, 4y — 4o 12 641.8874 —0.0005
Scan from 3 to 18 GHz was carried out at steps of 0.5 MHz byy— 443 17 315.4512 ~0.0009
in an automated manner. Averaging of 1000—10 000 shots was 514 Sos 16 201.2147 0.0002
performed to achieve reasonable signal to noise ratios (S/N). 53 514 16 934.1264 0.0001
624 65 17 269.3633 0.0002

3. Results and Discussion

3.1. Assignments of Microwave Spectra. First, the known
transitions of the H,O dimer!'! were removed from the list of
observed lines. With the rotational constants reported by
Stiefvater,!? the transitions of the PPA monomer were also
readily located. Searches for the PPA hydrates were then
performed within the unassigned lines, which were generally
weak.

To assign the microwave spectra of the hydrates, their
geometries were first optimized by ab initio calculations and
the rotational constants and dipole moments of them were
obtained to predict the position and relative intensity of the
rotational transitions. The Mgller—Plesset second-order pertur-
bation method (MP2)'3 coupled with the 6-311++G(2df,2pd)
basis set was used throughout the geometric optimizations.
Counterpoise corrections were made to remove the basis set
superposition error (BSSE).!* Core electrons were frozen in the
calculations. All calculations were performed using the Gauss-
ian’03 package.!> The global minimum conformations of the
PPA monomer and two of its hydrates are shown in Figure 1.
Their rotational constants and dipole moments are listed in Table
1. The Cartesian coordinates of all the atoms in the principal
axis system are given in Supporting Information part A.
Interested readers can obtain more detailed information, e.g.
the calculated bond length and bond angles, from it.

Using the theoretical rotational constants, the rotational
spectra with J < 8 in the 3—18 GHz region were predicted for
both hydrates. Of the predicted lines, the three a-type R-branch

“Av = Vobs — Vealc-

transitions, Joy ~— (J — 1)oy=1, (J + 1)os+1 — Joys and Jy; —
(J — 1);y-1, were first looked for. As both hydrates are near-
prolate top molecules, the simultaneous fitting of these three
transitions allows the values of (B + C) and (B — C) to be
pinned down. The value of rotational constant A, however, can
not be determined to a similar accuracy because the transition
frequencies of these three lines are not sensitive to it. As a result,
A was fixed at its ab initio value while B and C were allowed
to float. After a number of trials, reasonable fits were achieved.
With the preliminarily fitted rotational constants, a-type transi-
tions involving the other J’s were easily located. Some of the
K, = 2 doublets of the a-type, R-branch transitions were also
observed, though with a much reduced intensity. A full list of
the observed transitions can be found in Tables 2—4. The
inclusion of several K, = 0 and K, = 2 transitions permitted
the magnitude of the A rotational constant to be determined
within an error of about &1 MHz. The SPFIT and SPCAT
programs of Pickett!'® were used in the above spectral predictions
and fits.

When the quartic centrifugal distortion constants in the
Watson-S representation were included in the fitting, the root-
mean-square of the error for these a-type transitions was reduced
from about 40 kHz to less than 3 kHz for both hydrates. The
latter value is fairly similar to the experimental uncertainty (2
kHz), which suggests that the standard Hamiltonian developed
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TABLE 3: Observed Transitions of PPA—(H,0)

transition Vobs/ MHZ Av‘/MHz
a-type
210~ 11, 5750.2782 0.0008
202 < log 5985.3598 —0.0008
303 < 202 8961.6368 0.0011
313 212 8621.3458 —0.0011
310 21, 9346.1819 —0.0010
414313 11 487.6886 0.0001
413 312 12 453.5999 0.0005
403 322 11 978.7051 0.0088
4op < 32 12 044.0458 —0.0050
So05 < 404 14 849.7877 —0.0022
Si5 414 14 347.9807 0.0010
Sia 43 15 553.8405 0.0014
524 4o3 14 965.0887 —0.0052
523 4o 15094.9283 0.0017
616 < 515 17 201.1065 0.0004
606 < S05 17 750.8803 0.0007

“Av = Vobs — Veale-

TABLE 4: Observed Transitions of PPA—(H,0),

transition Vobs/ MHZ Av?/MHz
a-type
404 303 7674.032 —0.0017
414313 7316.8817 0.0014
41332 8293.9763 0.0011
S05 < 404 9481.1582 0.0003
Si5s— 414 9118.8725 —0.0036
S14a— 413 10 330.3641 —0.0008
S04 43 9761.6168 0.0013
S23 < 4an 10079.7013 0.0012
606 — Sos 11 236.678 0.0016
616 Si5 10906.2718 0.0008
615 — S14 12 337.9425 0.0011
625 < S04 11 682.9233 —0.0023
624 — 523 12 204.5953 —0.0020
707 — 606 12 953.8586 0.0011
717 — 616 12 679.1737 0.0006
726 < 625 13 587.7821 0.0010
Tas < 624 14 349.886 0.0009
76— 615 14 307.3161 —0.0011
818 — T2 14 438.6755 0.0000
80s — 707 14 650.0153 —0.0013
b-type
41,4 ha 30,3 9302.7941 —0.0007
51,5 ha 40,4 10 747.6379 0.0007

“Av = Vobs — Veale-

for nonrigid asymmetric molecules is sufficient to fit the
rotational spectra of the two hydrates.

Searches for b- and c-type transitions of both hydrates were
carefully performed within 10 MHz of their predicted
frequencies. However, only two of the b-type transitions of
PPA—(H,0), were recorded. The lack of b- and c-type transi-
tions prohibits us from determining the A rotational constants
to similar accuracies as B and C. Moreover, the values of the
Dk centrifugal distortion constants of both hydrates cannot be
determined as no b- or c-type transitions with K, > 2 were
recorded. A full list of the experimental rotational and centrifugal
distortion constants are given in Table 5.

Small splittings of tens of kHz were observed in the b-type
transitions of the PPA monomer. An illustration of this splitting
was given in Figure 2. Given that the PPA monomer is a closed-
shell molecule which contains no nucleus with spin larger than
1, no magnetic, quadrupole or spin-rotation hyperfine splittings
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TABLE 5: Experimental Rotational Constants and
Centrifugal Distortion Constants

parameter PPA PPA—(H,0) PPA—(H,0),
A/MHz 10,155.3785 (33)¢ 8,167.312 (305) 3,627.7231 (71)
B/MHz 3,817.88663 (116) 1,618.81207 (149) 1,102.64688 (99)
C/MHz  2,875.17221 (117) 1,377.15747 (115) 857.26038 (65)
Pl A2 3.1813 3.5485 4.0566

D,/kHz 0.685 (52) 0.4115 (136) 0.1450 (45)
Dg/kHz ~ 2.89 (154) N/A N/A

Dy/kHz  3.78 (41) —0.903 (190) 0.692 (92)
di/kHz —0.1866 (136) —0.0757 (137) —0.0415 (43)
d>/kHz —0.0076 (112) —0.0071 (91) —0.00841 (240)
N¢ 16 17 23

Oms’/kHz  2.03 2.93 1.41

“Values in parentheses are one standard deviation of the fitted
value in units of the last digit quoted. ? Planar moment of inertia, as
calculated from P. = (I, + I, — 1.)/2 = Zmc*. The conversion
factor between moment of inertia / and rotational constants is taken
as 505379 MHz u A2 ¢Number of lines included in fitting.
4 Root-mean-square of the errors.

A-state  E-state

413 « 33

A

Figure 2. Internal rotation splitting in the transition 4,3 < 3,5 of the
PPA monomer with the A and E states labeled. The splittings within
the same state are the typical Doppler splittings.

should occur. Also the spin—spin interactions of the protons
are likely to be small. Hence, we attempted to attribute this to
the internal rotation of the methyl group in the molecule. Fitting
of these splittings with the Hamiltonian considering internal
rotation yielded satisfactory results. Two states of different
symmetries, the A and the E as defined by the Cs operation,!’
were present in the spectrum as shown in Figure 2. The program
of Hartwig and Dreizler'8 was used in the fitting. The observed
and the fitted A—FE splittings are listed in Table 6. The
orientation of the rotation axis and the barrier to internal rotation
of the methyl group obtained from the fitting are also given in
the same table. It is noteworthy that splittings due to internal
rotation have been previously observed by Stiefvater for PPA.!2
Restricted by the resolution of the spectrometer, he made use
of transitions with much larger A—FE splittings, mostly on the
scale of several tens of MHz, to determine the internal rotation
parameters. His fitted parameters are in reasonable agreement
with the current study. For a better comparison, we have also
fitted the transitions using the Watson-A representation, and the
results are given in Supporting Information part B.

3.2. Structure and Tunneling Motion of PPA—(H,0). The
agreement between the ab initio and experimental rotational
constants (Table 1 and Table 5) provides the first piece of
evidence for the structure of the hydrate, i.e. HO binds to the
carboxylic group to form the hydrogen-bonded hydrate.

A second piece of evidence to confirm the structure is
supplied by the experimental dipole moments. Although not
explicitly determined, the magnitude of the a- and b-dipole
moments could be roughly estimated from the dependence of
the intensity of the corresponding transitions upon the micro-
wave power. For PPA—(H,0), the a-dipole moment was found
to be about 0.1—0.2 Debye, while the b-dipole moment was
reckoned to be similar or even smaller. The small dipole moment
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TABLE 6: A—E Splittings of PPA Monomer and the
Internal Rotation Parameters Derived from the Fitting of
Them

transition (Va—VE)obs/kHz (VA—VE)ca/kKHzZ
a-type
11,1 = Oop 374 38.9
Tio < loa 41.3 38.5
200 11 —34.2 —31.4
210 202 43.1 41.1
303 212 —26.5 —26.3
312 303 46.7 44.9
413 — 302 —91.5 —-90.9
413 4o 50.9 50.1
4or — 413 98.9 98.8
514 505 59.2 57.5
523 514 91.3 93.2
624 615 84.5 87.6
internal rotation parameters

Vi/em™! ¢ 810.7 £3.7

o/deg? 34.0

eldeg 0.0

¢ The 3-fold barrier to internal rotation. The moment of inertia of
the methyl group, I,, was taken as 3.136 u A.!2 ® The orientation
angle O is the angle between the internal rotation axis and the
principal a-axis, and € is the angle between the principal b-axis and
the projection of the internal rotation axis onto the bc plane. Given
that the A—F splittings shown in the table are not sensitive to €, we
have fixed it to O in line with the fact that the PPA monomer has a
plane of symmetry with respect to the bc plane.

of the hydrate reflects the fact that the dipole moment vectors
of the PPA and H,O are opposing rather than enhancing each
other. This is effectively satisfied when H,O binds to the
carboxylic group of PPA. Indeed, with the geometries shown
in Figure 1, the dipole moment of PPA—(H,0) based on the
MP2 density is quite close to its experimental value, which again
validates the structure.

Furthermore, the binding energy of PPA—(H,0), with H,O
binding to the carboxylic group, is at least 1000 cm™! larger
than those of all other conformations. This suggests that the
structure of PPA—(H,O) shown in Figure 1 is the global
minimum conformation and is thus the predominant species
formed in the supersonic expansion.

The PPA monomer has a plane of symmetry with only four
hydrogen atoms in the alkyl-group standing out of the symmetry
plane.'? Its planar moment of inertia, denoted as P,, is about
double that of the methyl group in acetic acid.!® From P,, the
average of the vertical distances of the four out-of-plane alkyl-
hydrogen atoms to the plane was calculated to be 0.892 A.

An increased value of P, for PPA—(H,0) compared to the
PPA monomer (Table 5) suggests that other atoms besides the
alkyl-hydrogen atoms are lying out of the plane. This compares
well with the ab initio predictions, i.e. the unbound hydrogen
in H,O is protruding out of the plane and contributes signifi-
cantly to P.. The c-dipole moment of this complex at its
equilibrium structure is predicted by ab initio calculations to
be 1.3 Debye. However, despite this apparently large dipole
moment, all c-type transitions are missing due to the large
amplitude tunneling motions. A full-length discussion on the
possible tunneling motions of the unbound hydrogen can
be found in reference.!? Of these motions, the inversion of the
unbound hydrogen has the lowest barrier and the smallest
reduced mass and is therefore the easiest to achieve. A
semiclassical calculation'” showed that the tunneling frequency
associated with this motion is about 14 cm™! and is at least 1
or 2 orders of magnitude larger than the others.
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Figure 3. Orientation of the principal a- and b-axes of the PPA
monomer relative to the intermolecular axis.

TABLE 7: Comparison between Experiment and ab initio
(MP2/6-311++G(2df,2pd)) Predictions of Structural
Parameters

experiment ab initio
O/deg 24.8 24.9
Ren/A 3.619 3.621
r/A 2.775 2.781
/A 1.868 1.867

A full structural analysis requires significant isotopic substitu-
tion. However, there is still information on the structure that
we can extract. To analyze this, we made use of the fact that
except for a very light atom, i.e. the unbound hydrogen atom
in the H,O molecule, the other part of PPA—(H,0O) still
possesses a near plane of symmetry. As a result, the ab plane
of the PPA monomer and that of the hydrate can be considered
as overlapping, and the intermolecular axis connecting the
center-of-mass of the two monomers can be considered as lying
in the plane within a good approximation. This is shown in
Figure 3. The angle 6 between the a principal axis of the PPA
monomer and the intermolecular axis determines the magnitude
of the moments of inertia of PPA—(H,0) around the a and b
principal axes of this complex. Therefore, we can determine 0
and Ry using the following equations:

2

IA(:uRcm2 + Ia + Ib - IA) - I(/z(:uRcm2 + Ib)
sin” 6=

(R )1, = 1,)
I-—1,
2

Derivation of eq 1 is given in Supporting Information part
C. I, I, and I. in eqs 1 and 2 are the moments of inertia of the
PPA monomer around each principal axis, and Iy, I, and I¢
are those of the complex. The term u is the reduced mass of
PPA and H,O, and R, is the distance between centers of mass
of the two. All of these are known from the measured rotational
constants of the corresponding species.

In deriving the above equations, however, three assumptions
were needed (for details see Supporting Information part C).
Some minor corrections to the moments of inertia of both the
monomers and the complex were therefore necessary to examine
the propagated changes of 6. After considering these corrections,
we found that 6 dropped by about 1.7°. We need to note that
the value of 6 shown in Table 7 is the corrected result.

By substituting the experimentally determined moments of
inertia into eqs 1 and 2, the value of 6 and R, were calculated.
With the information on 6 and R., and also on the known
structure of the PPA monomer,'? it is possible to calculate the
distances between the carbonyl oxygen and the carboxylic
hydrogen atoms of the PPA monomer to the center of mass of
H,0. They are denoted as r; and r, in Figure 3. The values of

ey

with uR_, > = 2)
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TABLE 8: Binding Energies, Calculated As the Modulus of
the Energy of the Complex Relative to the Sum of the
Separate Monomers, at the MP2 Level with Different Basis
Sets

De
PPA—(H,0)* PPA—(H,0),

HF E2 HF E2
aug-cc-pVDZ 2226.3 869.0 5022.2 1506.3
aug-cc-pVTZ 2222.0 1146.4 5098.3 1940.9
aug-cc-pVQZ 2231.3 1252.3 - -

I
aug-cc-pVooZ 2231.3 1342.3¢ 5098.3 2236.7¢
1346.0¢
D./n¢

aug-cc-pV o« Z 1787.7 2445.0

@ With geometry optimized at the MP2/aug-cc-pVTZ level. » With
geometry optimized at the MP2/6-311++G(2df,2pd) level. ¢ Extra-
polated with the expression Ex = E, + A x exp(—1.21843X +
0.06291X?) (ref 25) for the TZ-QZ basis sets of PPA—(H,0) and for
the DZ-TZ basis sets of PPA—(H,0),, in which X equals to 2, 3,
and 4 for the DZ, TZ, and QZ basis sets, respectively. The
coefficients —1.21843 and 0.06291 were the optimized values from
the regression of the E2 energies, all calculated using MP2/
aug-cc-pVXZ, of 7 model molecules selected by Klopper.?’
4 Extrapolated with the expression Ex = E + A(X + 1)™ + B(X +
1)™° (ref 26) for the DZ-TZ-QZ basis sets. ¢The number of
hydrogen bonds formed.

0, Rem, 11, and 1 are listed in Table 7. Both the experimental
and the theoretical values are given for comparison. They are
generally in good agreement.

The lengths of the hydrogen bonds were dependent not only
on the values of r; and r, but also on the orientation of the
H,O molecule. As the latter was not derivable from the above
calculations, we were unable to determine the hydrogen bond
lengths to a high level of accuracy. An approximate calculation
using the orientation angle of H,O given by ab initio calculations
suggested that the length of the hydrogen bond C=0-:+-HOH
was 1.980 + 0.080 A while that of COOH+++OH, was 1.838
F 0.006 A. The associated errors correspond to a £5° in-plane
tilt of the hydrogen-bonded O—H bond of H,O. Note the signs,
as the errors are correlated.

3.3. Enhanced Hydrogen Bonding in PPA—(H,0),. Simi-
lar agreement for the rotational constants, the dipole moments,
and the planar moment of inertia found in the cases of the
PPA—(H,0), (Tables 1 and 5) firmly supports the structure of
this hydrate as shown in Figure 1. Two H,O molecules forming
a somewhat distorted H,O dimer?° are complexed with PPA to
form a ring structure with three hydrogen bonds.

Significant enhancement of the hydrogen-bonding strength
is demonstrated by ab initio calculations in two aspects. First,
the lengths of the hydrogen bonds were predicted to be
considerably shorter in PPA—(H,0), than in PPA—(H,0). The
length of the hydrogen bond C=0O-++HOH is reduced by 0.16
A while that of COOH*++OH is reduced by 0.12 A at the level
of MP2/6-311++G(2df,2pd). Second, the binding energies, D,
of both hydrates were calculated using the MP2 method with
the different aug-cc-pVXZ (X = D, T, and Q) basis sets
developed by Dunning et al.?>?* With the standard methods,>2
D, was then extrapolated to its complete basis set (CBS) limit.
As shown in Table 8, the binding energy per hydrogen bond,
i.e. D, divided by the number of hydrogen bonds formed, is
30% higher for the PPA—(H,0), than that for the PPA—(H,0),
again indicating a stronger hydrogen-bonding effect in the
former hydrate.
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3.4. Equilibrium Constant and Thermodynamics of PPA—
(H,0). With the standard equations of statistical mechanics,?!
it is possible to calculate the equilibrium constant of the
PPA—(H,0) as

Dy
_ . e — e o
Kp,PPA*(HZO) = (QPPAf(HZO)e kTN \2)/ (qPPAq(HZO)) (3)

in which quA_(Hzo), quA, and quo are the overall (translational,
rotational, and vibrational) partition functions of the three species
at a molar volume at 1 bar, Dy is the dissociation energy of
PPA—(H,0) obtained by subtracting the zero point energy (ZPE)
correction from the binding energy, kg is the Boltzmann
constant, 7 is the temperature, and Ny is the Avogadro constant.
The extra “2” in the numerator comes from the fact that the
PPA—(H,0) has two equivalent geometries, with the unbound
hydrogen atom in H,O standing up and down the mirror plane
(Figure 1), and both contribute equally to the partition functions
of the complex.

TABLE 9: Harmonic Vibrational Frequencies (in inverse
centimeters) of the PPA and the H;O Monomers and of the
PPA—(H,0) Monohydrate at the Level of MP2/
aug-cc-pVDZ¢

PPA or H,O PPA—(H,0)
ab initio experiment ab initio
intermolecular modes
X1 70
X2 131
X3 175
%4 249
xAs 345
X6 599
intramolecular modes?
¢ 50 =5
Vs 220 2
V3 249 29
Vy 464 465.4 20
Vs 524 510.7 36
Ve 604 607.7 28
V7 649 625.5 213
Vg 802 804.5 1
Vo 822 813.8 20
Y10 1017 2
Vi 1092 1066.4 1
Vi2 1102 14
Vi3 1159 1138.5 60
Vi4 1277 0
Vis 1295 69
Vie 1395 1377.7 7
V17 1412 1385.2 26
Vig 1452 1426.3 2
Vig 1486 1457.7 0
Vao 1492 1466.0 1
V2 1786 1776.1 —29
V2 3081 2937.9 —1
Va3 3083 2954.2 0
Va4 3132 0
Vas 3175 2995.8 —1
Va6 3179 3002.5 -1
Va7 3738 3569.2 =271
' 1622 1595.0 -2
(73 3803 3651.7 —140
Vs 3938 3755.8 —48

@ Available experimental values are also listed for comparison.
’ Intramolecular vibrational frequencies of the complex in column 4
are Written as Veomplex — Vmonomer. ¢ Vibrations within the PPA
fragment. Experimental values were the average of those of
Magdas® and Sander.’! ¢ Vibrations within the H,O fragment.
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The translational and rotational parts of the partition
functions are easy to calculate since the masses and the
rotational constants of the relevant species are known to a
high accuracy. However, calculation of the vibrational
partition functions and the dissociation energy of the hydrate
requires a reasonable knowledge of the vibrational frequen-
cies, v, and the binding energy, D.. Due to the lack of
experimental data, both v and D, were obtained from ab initio
calculations.

The binding energy of PPA—H,0 was calculated at the
MP2/CBS level (see section 3.3) to remove the error caused
by the incompleteness of the basis set. It is not possible to
use a higher-order correlation method, as restricted by the
size of the system, to examine the sensitivity of D, to higher-
order terms of the correlation energy. For many hydrogen-
bonded systems, D. obtained at the MP2 level are found to
be very similar to those at the CCSD(T) level 26282
suggesting that either the higher-order correlation terms
contribute little to D, or that there is a cancelation of errors
in the MP2 calculation, e.g. it overestimates the electrostatic
interaction but underestimates the contribution of dispersion.

Harmonic vibrational frequencies of PPA, H,O, and
PPA—(H,0) were calculated at the MP2/aug-cc-pVDZ level.
The output data are listed in Table 9. Available experimental
frequencies are also listed for comparison. The intermolecular
modes, denoted as “y” in Table 9, correspond to the rocking
or the stretching motions between the two monomers. It is
the accuracy of these low vibrational frequencies that
determines the accuracy of the vibrational partition function
of PPA—(H,0). As empirically found in the case of formic
acid—(H,0),3* a very similar hydrate to PPA—(H,0), the
intermolecular vibrations from MP2/aug-cc-pVDZ are ran-
domly distributed around the experimental values with errors
of +5%. Scaling, though a useful tool to remove the
systematic error of the vibrational frequencies, may not of
much help in the current case. In light of this, all the six
intermolecular vibrational frequencies from MP2/aug-cc-
pVDZ were used without scaling.

Besides the intermolecular vibrational frequencies, we also
need to know the shifts of the intramolecular vibrational
frequencies in the complex relative to the monomers in order
to calculate the ZPE correction to the binding energy. Half of
the sum of these shifts was predicted to be very small (15 cm™")
by ab initio calculation and thus contribute little to the overall
ZPE correction (802 cm™!) to Dy.

The calculated value of K, for PPA—(H,O) at different
temperatures and a pressure of 1 bar are listed in Table 10. The
fraction of PPA—(H,O) against the PPA monomer in the
atmosphere, denoted as &, can be derived as

§= Kp,PPA*(HZO)(pHZO/pe) “)

in which pp,0 is the partial pressure of water vapor in bar. Under
the typical atmospheric conditions as reported by Ellingson et
al.,> the partial pressure of HyO at the height of 2 km in
midlatitude in summer was 0.0077 bar, corresponding to a
relative humidity of 57%. From eq 4, the ratio of PPA—(H,0)
to PPA was calculated as 1.4% under such atmospheric
conditions. In the event of cloud formation when the relative
humidity may be as high as 500%, the ratio of PPA—(H,0) to
PPA can be expected to be 8—9 times larger.

With the partition functions, it is also possible to calculate
the change of enthalpy AH® and entropy AS® for the formation
of PPA—(H,0) at different temperatures.?® The results are also
shown in Table 10. In the range of 200—320 K, AH® changes
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TABLE 10: Calculated Values of Change of Entropy and
Enthalpy for the Formation of PPA—(H,0) and Its
Equilibrium Constant (K,) at Different Temperatures and
Standard Pressure p® = 1 bar

T/K AH®/KJ mol™! AS®/] mol ™! K™! K,
200 —35.8 —120.8 1125.

210 —35.8 —120.8 403.0
220 —35.8 —120.7 158.5
230 —35.8 —120.6 67.65
240 —35.8 —120.4 31.01
250 —35.7 —120.3 15.14
260 —35.7 —120.1 7.820
270 —35.6 —120.0 4.244
280 —35.6 —119.8 2.408
290 —355 —119.6 1.421
300 =355 —119.4 0.8700
310 —354 —119.2 0.5500
320 —353 —119.0 0.3581

by about 0.5 kJ mol~! and AS® changes by about 1.9 J mol™!
K1, which only correspond to about 1.5% variation around their
mean values. This suggests that both values can be considered
stable in this small temperature range.

As a final remark, it should be noted that there are many
factors that must have definitely introduced errors in the
calculation of K,. Among them, the errors in binding energy
and the ZPE correction dominate as they appear in the exponent
in eq 2. For example, a 10% change of the ZPE correction
would propagate an error of £40% in K. This reminds us that
even a factor of 2 error for K, should not be surprising at all at
the current level of calculation.
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