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Abstract: Proton transfer via tunneling is a fundamental
quantum-mechanical phenomenon. We report rotational spec-
troscopy measurements of this process in the complex of the
formic acid dimer with fluorobenzene. The assignment of the
spectrum indicates that this complex exists in the form of a m—m
stacked structure. Each rotational transition of the parent
isotopologue exhibits splitting. Isotopic substitution experi-
ments show that the spectral splitting results from double-
proton transfer tunneling in the formic acid dimer. Presence of
fluorobenzene as a neighboring molecule does not quench the
double proton transfer in the formic acid dimer but decreases
its tunneling splitting from 341(3) MHz to 267.608(1) MHz.
Calculations suggest that the presence of the weakly bounded
fluorobenzene does not influence the activation energy of the
proton transfer. The fluorobenzene is reoriented with respect to
the formic acid dimer during the course of the reaction, slowing
down the proton transfer motion.

I ntermolecular proton transfer along hydrogen bonds is
a fundamental and ubiquitous reaction in many biological and
chemical systems, and the dynamics of those reactions is being
strongly governed by the tunneling effect.!>! Proton transfer
proceeds as an exchange of hydrogen between the acid (AH)
and the base (B) via the chemical reaction®”
A—H--B=A--H-B that is also an elementary step in the
Grotthuss mechanism.®®! In the symmetric cases (when A is
identical to B), tunneling manifests itself through splitting the
A-H vibrational states of the system. This reaction depends
not only on the acid-base pair involved but also on the
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neighboring environment.”! Thus, an accurate description of
proton tunneling influenced by nearby molecules is important
for understanding many chemical processes, including bio-
chemical ones.®” From the theoretical view, the subtle
interplay of the partner molecules has significant influence
on proton tunneling.'*"¥ Previous experimental studies have
shown that the surrounding environment can modify the
proton transfer rate,'*') however, little experimental data is
available on how the proton tunneling process is affected by
the environment at the few-molecules level. Herein, we
report the direct observation and precise measurement of
proton transfer of the formic acid dimer lying on the surface
of an aromatic m system. The results reveal that the
neighboring molecule decreases the rate of the proton
transfer tunneling process.

For a molecular cluster, in general, different configura-
tions are distinguishable and acquire different energies. In
asymmetric environments, the delocalization of the protons
by tunneling usually competes with the localization of the
protons by the environment, and the latter usually wins, with
only a few exceptions reported so far.”"! As a result, it is rare
to observe proton tunneling in molecular complexes. Yet, the
observation of tunneling is possible in cases where the
configurations undergo symmetric conversion. For the com-
plex of fluorobenzene (PhF)-formic acid dimer (FAD), the
most stable configuration adopts a - stacked structure (see
Figure 1), which allows to retain the permutation-inversion
symmetry along the double proton transfer path.

In this study, we utilize chirped-pulse Fourier transform
microwave (CP-FTMW) spectroscopy in the 2-8 GHz fre-
quency range to measure the pure rotational spectra of the
PhF-FAD cluster and perform quantum-chemical modeling
to calculate proton transfer properties. Microwave spectros-

Figure 1. The configuration of the PhF-FAD cluster with atom number-
ing and principal axes system.
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copy is a well-established experi-  Table 1: Experimental and theoretical rotational parameters of PhF-FAD complex.

mental technique for the study of Experimentt Theory

large-amplitude motions (LAM) in N - b b

molecules™ These low frequency Parent(0) Parent(0") B3LYP-D3B] B2PLYP PBEh-3c
e ; A [MHZz] 902.68022(20)  902.67985(22)  903.6 900.1 915.0

vibrations couple with the overall g\, 700.65306(20)  700.64869(19)  704.4 655.0 7219

molecular rotation leading to split- ¢ [MHZ] 539.71027(21)  539.70937(20)  534.0 509.2 553.1

ting of rotational energy levels. D, [kHz] 0.3434(14)

Therefore, information about the Dy [kHz] 0.5467(13)

LAM is encoded in the rotational D« [kHZ] —0.2474(14)

spectra. Besides the parent species, a [kHz] ~0.08985(18)

. ) ) d, [kHz] 0.024958(60)

isotope effecj[s 2.155001.ated with AEy, [MH2] 267.6080(13)

proton tunneling in this complex F,. [MHZ] 15.57228(16)

have also been investigated, pro-  f_ [MHZ] 17.3378(17)

viding unambiguous evidence for  u,/uy/u.[D] intra-/intra-/inter- 0.9/1.2/0.2 1.0/1.2/0.1 1.0/1.1/0.1

the double proton transfer being  0“[kHz] 5.358

the source of the splitting in rota- N* 460

tional spectra. [a] Standard deviations within parentheses are expressed in units of the last two digits. [b] Calculated

In the rotational spectra of  usingthe def2-TZVP basis set and geometrical counterpoise (gCP) correction. [c] intra- denotes intra-
PhF-FAD, the transitions exhibit State transition; inter- denotes inter-state transition. [d] Root-mean-square deviation of the fit.

a splitting pattern as depicted in [e] Number of the lines in the fit

the upper part of Figure 2. Each

transition splits into two components due to tunneling, and in By accumulating 19.6 million free induction decay (FID)
total 460 transition frequencies within 2-8 GHz have been  signals, the high signal-to-noise ratio of the spectrum allows us
assigned to two LAM vibrational states 0" and 0~ (symmetric ~ to assign the *C mono-substituted isotopologues in natural
and antisymmetric along the LAM coordinate, respectively).  abundance. A portion of the spectrum including all singly-
The fitted spectroscopic constants for these two sub-states of  substituted *C isotopologues is shown in the lower part of

the complex are reported in Table 1. Figure 2. As one can see, the isotopologues with *C1, BC2,
0.1 >
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Figure 2. Parts of the rotational spectra of the parent species (upper) and mono-substituted "*C isotopologues (lower). The black traces represent
the experimental spectra while the colored traces are simulated spectra based on the fitted spectroscopic parameters of the respective

isotopologues. The quantum numbers are defined using the standard nomenclature for the rotational energy levels of an asymmetric top, denoted
as Ji, «.» where J is the quantum number for the total rotational angular momentum, and K, and K. are the quantum numbers for the projection of
total rotational angular momentum onto the symmetry axes (a and ¢) in the two limiting cases of prolate and oblate symmetric tops, respectively.

Lower: only the J
arise from other molecular species in the molecular beam, such as complexes with water or with the carrier gas.
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upper = 6 rotational transitions of "*C substituted species are shown. The experimental lines without simulated counterparts might
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13C3, and "*C4 substitution display a similar splitting pattern as
the parent species, whereas the other four isotopologues do
not show any splitting pattern. The spectral intensities of the
latter case are around twice as strong as for the former,
because the tunneling splitting divides the population into the
two sub-states. The transition frequencies and fitted spectro-
scopic parameters are listed in the supplementary materials.

Tunneling in clusters usually can occur when the mole-
cules within the cluster rearrange to produce an equivalent
structure.™ In this complex, double proton transfer in the
FAD moiety is the only motion linked by short and energeti-
cally accessible pathways to produce an observable tunneling
splitting. The spectra of the isotopologues, whose isotopic
substitution is near the ab plane (*C1, *C2, BC3, *C4), show
the characteristic splitting pattern as observed for the parent
species, while the spectra of the isotopologues with isotopic
substitution far from the ab plane (*C5, BC6, *C7, *C8) have
no splitting pattern. This, together with the interstate
transitions being of c-type, strongly points to proton transfer
in FAD being the source of the splitting in PhF-FAD. During
the proton transfer process, the permutation-inversion sym-
metry of the complex is kept upon isotopic substitution of the
atoms close to the ab plane, whereas the symmetry is reduced
by C single substitutions far from the ab plane, quenching
the tunneling. The tunneling splitting of the complex has been
determined to be 267.6080(13) MHz, which is much smaller
than that of FAD (341(3) MHz).?*®! This result could be
intuitively expected since quantum tunneling splitting is
associated with the potential barrier height and width, and
the interactions between PhF and the protons of FAD could
obstruct or guide the exchange of the protons.

To explain how the presence of the PhF molecule affects
the proton tunneling motion in FAD, we have performed
theoretical calculations for PhF-FAD and for the FAD as
a comparison. The potential energy surfaces (PES) for double
proton transfer in FAD and PhF-FAD were computed at
PBEh-3c and DFT/def2-TZVP (with DFT=BI1LYP, B3LYP,
mPWILYP and X3LYP) levels of theory. The reaction
coordinate scans were performed by simultaneously changing
the O1-H3 and O4-H4 distances (r(O1H3) and r(O4H4),
respectively). Owing to complicated and weak interactions
guiding the relative arrangement of the PhF and FAD, the
standard DFT-D3BJ approach failed to produce a smooth
potential scan and the symmetric transition state for the
proton transfer reaction: the orientation of FAD with respect
to PhF in the vicinity of the transition state turned out to be
hard to capture, it leads to a non-symmetric transition state
for the proton transfer. Only PBEh-
3c behaved robust enough in these
calculations. To perform the DFT/
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details). The SAPT calculations revealed that the FAD
interaction with PhF is mainly governed by attractive
dispersion and repulsive exchange interactions with little
contribution from electrostatics and almost none from
induction (see Figure 3). Interestingly, due to the planarity
of the FAD and PhF moieties and the - stacked structure,
the dissociation energy of PhF from FAD (22 kImol ™' at the
SAPT2/aug-cc-pVTZ//PBEh-3c level of theory) is only three
times lower than the dissociation energy of FAD itself
(59.5(5) kI mol 161y,

S e b Electrostatic
40 a®” . ] Exchange
‘ Dispersion
30 - Induction ’
— Total
g 20
v
] 10 -
<
o 0
w
-10
-20
30 PR ‘
2.5 3 3.5 4 4.5 5 5.5
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Figure 3. SAPT2/aug-cc-pVTZ interaction energies of FAD with PhF. R
denotes the distance between the FAD and PhF centers of mass.

The proton transfer dynamics was computed in the
framework of an effective one-dimensional Schrodinger
equation (SI) with the reaction coordinate [Eq. (1)]:

& = (r(O1H3) + r(O4H4)—r(O3H3)—r(O2H4))//8 1)

The resulting splittings along with the barrier heights and
effective barrier heights (including zero-point vibrational
corrections for the other degrees of freedom) are given in
Table 2.

The simulation based on the PBEh-3c calculations shows
an astonishing match with the experimental data for both
FAD and PhF-FAD. Amongst the hybrid DFT with def2-
TZVP basis set, the best agreement show BILYP and
mPWILYP functionals, while B3LYP and X3LYP slightly
lower the barrier for intermolecular proton transfer and thus
lead to larger tunneling splittings. Nevertheless, all the
theoretical estimations are in a reasonable agreement with
the experimental data. The barrier heights for the reaction are

Table 2: Experimental and theoretical proton transfer tunneling splittings (AEy,), barrier heights (Egy),
and effective barrier heights (EZ") in FAD and in the PhF-FAD cluster.

def2-TZVP simulation of double

Quantity Molecule  Experiment PBEh-3c DFT/def2-TZVP

proton transfer in the PhF-FAD

. BILYP  B3LYP mPWILYP  X3LYP
complex, we have applied a QM/" \p "\ Fap 341(3) 359 182 1857 465 2564
MM approach, where we parame- PhF-FAD  267.6080(13)  2691/89 1368 7526 281H 14051
terized the symmetry adapted per- g, [em™] FAD 2170 2395 2127 2324 2108
turbation theory (SAPT) interac- PhF-FAD 211982123 23711 2104# 2300 20850
tion energy at the SAPT2/aug-cc- Egy [em™]  FAD 630 914 708 820 691
pVDZ level between PhF and FAD PhF-FAD 656/757 9118 7697 894Kl 739¢

in the MM potential (see SI for

© 2021 Wiley-VCH GmbH

[a] Value obtained from QM/MM calculations.
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Figure 4. Theoretical potential energy surfaces for proton transfer in
FAD and PhF-FAD. § denotes the proton transfer coordinate [Eq. (1)].

surprisingly similar for PhF-FAD and for FAD, which
indicates that the PhF has no significant influence on the
PES of FAD (see also Figure 4).

The main difference between double proton transfer in
FAD and in PhF-FAD is the reorientation of FAD with
respect to PhF during the course of the reaction, with the most
prominent change being the internal counter rotation of FAD
and PhF around the a-axis of the complex (see Figure 1).
Therefore, a natural explanation of the observed lowering of
the tunneling splitting in PhF-FAD with respect to FAD is the
Marcus charge transfer theory®! applied to proton transfer
reactions.”®! Let us assume that the proton transfer motion
is linearly coupled with an environment (PhF) small-ampli-
tude motion with a frequency of v. If we freeze the rearrange-
ment of PhF with respect to FAD, we would observe an
energy difference between two minima A, (see Figure 5), and
this energy can be called the reorganization energy. By

Communications

applying second-order perturbation theory (see SI for more
details), we can obtain the following relation between
tunneling splittings in the free FAD (AFE;..) and in the FAD
with the environment (AE,,,):

AEqy = B (1-35)

Since 2%20, the reorganization model suggests that an
additional coupled motion should decrease the tunneling rate,
which agrees with the experimentally and computationally
observed results. We can imagine PhF acting as a heavy
backpack in the double proton transfer: by adding more
atoms to be moved during the reaction, it lowers the tunneling
rate in the PhF-FAD complex with respect to pure FAD. This
metaphor can be visualized through the plots of the coor-
dinate-dependent mass of the proton transfer motions (SI).
For the “C isotopologues in natural abundance, we fixed
the tunneling splitting values to that of the parent species
when we fit their spectra to the rotational Hamiltonian.
Therefore, we did not observe any information of how *C
substitutions influences the tunneling process. To examine the
isotopologue effect on the tunneling splitting, we measured
the spectra of PhF-(DCOOH),, PhF-(DCOOH)-(HCOOH),
and PhF-(HCOOH)-(DCOOH). As shown in Figure 6a,b,
the spectra of all three species show the splitting pattern. By
fitting ca. 160 transitions for each isotopic species, we
obtained tunneling splittings of 275.7992(84), 274.0545(77),
and 269.2596(74) MHz for D1D2, D1H2, and H1D2, respec-
tively, somewhat larger than that of the parent species
(267.6080(13) MHz). As a comparison, the tunneling splitting
of mono-deuterated FAD was determined to be 331.6(5)
MHz.?Y The theoretical tunneling frequency of this isotopo-
logue computed at PBEh-3c was found to be 178 MHz. The
relatively large deviation from the experiment is probably
caused by a reduced performance

of the applied method in the

2500

2000

T

1500 -

Energy, cm!

1000

500 -

cases of the isotopologues due
to vibrational non-adiabatic
effects.”

. To further elucidate the tun-
neling motion, we performed
another measurement by replac-
- ing formic acid (HCOOH) with
HCOOD. HCOOD was obtained
by mixing formic acid with D,O.
| A section of the spectrum is
shown, which does not exhibit
any splittings (Figure 6(c)), inde-
pendent if one or two deuterium
atoms are incorporated into
FAD. This result confirms the
attribution of the splitting to the

& A

Figure 5. Theoretical potential energy surfaces for proton transfer in the PhF-FAD complex at three
different orientations of FAD with respect to the PhF frame. ES, and ES, denote the orientation frozen
at the two possible equilibrium structures, TS is the orientation frozen at the reaction transition state,
“Relaxed” denotes fully relaxed scan (corresponds to the data shown in Figure 4), & is the proton
transfer coordinate (Equation 1). The averaged vibrational ground state structure of PhF-FAD at the
PBEh-3c level of theory is also shown. All the curves were obtained at the PBEh-3¢/MM level of theory.
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concerted proton tunneling
motion. The deuteration of
a single -OH group (H3D4 and
D3H4) breaks down the symme-
try of the proton-transfer motion,
quenching tunneling, and origi-
nating in two different isotopo-
logues determined by the deute-
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Figure 6. Parts of the rotational spectra of mono-deuterated and double-deuterated isotopologues. The
quantum numbers of the quartet transitions are the same as for J, ... =6 in Figure 2. The D1D2
spectrum is obtained from the signal average of 4.2 million measurements with the commercial
DCOOH sample. The D1H2 and H1D2 spectra are resulting from 4.3 million FIDs with an 1:1 mixture
of HCOOH and DCOOH. D3D4, H3D4, and D3H4 spectra are from a 4.5 million FIDs average with
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other symmetric isotopic substi-
tutions have a weaker impact on
the proton transfer.

In conclusion, we have
applied chirped-pulse Fourier
transform  microwave  (CP-
FTMW) spectroscopy to investi-
gate the effect of neighboring
molecules on the proton transfer
in the fluorobenzene—formic acid
dimer (PhF-FAD) cluster. The
n—m stacked geometry has
retained a possibility for formic
acid (FA) molecules in the FAD
to exchange protons. The mea-
sured tunneling splitting in the
PhF-FAD complex (267.6080-
(13) MHz) is smaller than in
pure FAD (341(3) MHz). The
quantum-chemical calculations
show that the reaction barrier is
not affected by the PhF mole-
cule, while the effect is caused by

a mixture of samples FA and D,O.

Table 3: Theoretical (AEF™") and experimental (AEGY) tunneling splittings in the PhF-FAD symmetric

isotopologues.?!

the FAD environment reorgan-
ization during the course of the
reaction. This result suggests that
in flexible and weakly influenc-

ing environments the proton

13, 13 13, 13
Parent Dpe A1 @ ¢« bk D1H2 H1D2 transfer rate would be low-
AEPe" 269 6 167 156 269 256 470 217 169 ered.®
AEZ®  267.6080(13) - 267.6080(13)" 275.7992(84) 274.0545(77) 269.2596(74)

[a] Theoretical values were computed using the PBEh-3¢/MM approximation. The atomic humeration is

consistent with Figure 1, all values are in MHz. [b] This value was kept fixed at the value of the parent

isotopologue.

rium positions. Replacement of both hydrogen atoms with
deuteriums in the hydrogen-bonded system will not destroy
the permutation-inversion symmetry along the double proton
transfer path. However, the heavier mass of the moving
particles in the D3D4 compared to the parent isotopologue
leads to a lower tunneling rate, which can be confirmed by our
theoretical calculation (Table 3). This makes the tunneling
splitting in D3D4 unresolvable with our CP-FTMW spec-
trometer COMPACT (resolvable within 25 kHz). A tech-
nique with higher resolution, such as cavity-FTMW spectros-
copy, could be used to observe this double deuterium transfer,
but this is beyond the scope of the current research.

The described computational framework was also applied
to the PhF-FAD isotopologues (see Table 3). The predicted
tunneling splittings are in a worse agreement with the
experiment than for the parent isotopologue. This is probably
an effect of the vibrational Born-Oppenheimer approxima-
tion breakdown that appears from replacement of the nuclei
by their heavy analogs due to a reduced energy difference
between the vibrational energy levels.”” Nevertheless there is
a trend that only the symmetric deuteration (D3D4) signifi-
cantly lowers the tunneling splitting in PhF-FAD, while the

www.angewandte.org
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