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Cis—trans conversion of formic acid by dissipative tunneling in
solid rare gases: Influence of environment on the tunneling rate
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The relaxation of the higher-energis conformer of formic acid to the lower-energpansform by

a tunneling mechanism has been investigated in low-temperature rare gas matrices. In the
temperature range 8—60 K, the tunneling takes place dominantly from the vibrational ground state
of the cis form and the temperature dependence of the tunneling rate constant is influenced by the
interactions with the environment. The temperature-dependent tunneling rates for HCOOH and
DCOOH in solid Ar, Kr, and Xe are measured including data for molecules in different local
environments within each host. It was found that the medium and the local environment has a
significant influence on the tunneling rate. ZD02 American Institute of Physics.
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In reaction kinetics, tunneling of atoms is often negli- which was the lower limit for the cryostéAPD DE 202 A.
gible compared with over-barrier transitions. At very low The spectra were measured with a FTIR spectromiétieo-
temperatures, however, the population of energy states abowet 60 SX with a resolution of 1 or 0.25 cit.
the barrier becomes exceedingly small and tunneling be- FA has energy minima in two planar forms differing by
comes comparatively more importdnin a condensed envi- orientation of the hydroxyl group as shown in Fig. 1. The
ronment, phonons participate in a tunneling reaction and thinterconversion of the conformers involves mainly the tor-
environment should have some effect on tunnelingsional motion of the hydroxyl group. In the gas phassFA
reactions® However, in several previous experiments it wasis 1365+30 cm * higher in energy thatrans-FA.” The bar-
found that the tunneling rate constant was unaffected by th@er from trans to cis has been calculated to be4200
change of solvenit®~® In this work, we have studied the cm 18 In this work, cis-FA was prepared by exciting the
conversion ofis formic acid(HCOOH) to transformic acid  vibrational transitions ofrans-FA in rare-gas matrices with
in solid rare gase¢Ar, Kr, Xe). This reaction is dominated narrowband infrared radiation of an optical parametric oscil-
by tunneling from the vibrational ground state at temperaqator (Sunlite, Continuum, FWHM-0.1 cm Y). The excita-
tures below 60 K. The results show that the tunneling ratgjon energy flows into the torsional coordinate inducing the
depends strongly on the environment. conformer conversion.The IR spectra otis and trans FA

The samples were made by mixing vapors of formic acidgjffer significantly from each other making it possible to dis-
(FA) (KEBO lab, >99%) or its isotopomers(IT Isotope  tinguish them easily in rare-gas matriCeBA is trapped in
95%-98% deuterationwith rare gases(Rg) Ar (AGA,  several sites corresponding to different local environments
99.9999%, Kr (Air Liquid, 99.95%), Xe (AGA, 99.997%in  and the corresponding IR absorption frequencies differ typi-
the gas phase in a proportion FA/R®/1000. The gas mix- cally a few cni® as illustrated in Fig. 2 focis-FA in solid
ture was deposited on a Csl substrate at 18K, 25 K(Kr)  xe Cis-FAwas generated site-selectively by irradiating mol-
or 35 K (Xe) yielding highly monomeric matrices with re- acyles in a separate site at a time similarly to our matrix-
spect to FA. Thickqess of the sample was typically about 10Qsp)ation studies on HONE In this way, the tunneling ki-
wm. After deposition, the samples were cooled+® K netics of FA in different sites could be investigated. There
was no interconversion between different site groups either
dElectronic address: petters@cscfi in IR pumping or in relaxation by tunneling.
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FIG. 1. Cisandtransformic acid and the torsional potential which connects " “

the two conformers. The energy difference between the conformers is the 900 0.03 0.06 0.09 0.12 0.15 0.00 0.03 0.06 0.09 0.12 0.15
experimental gas phase result from the Ref. 7. The arrows represent the 1K)
conformer conversion processes ) tunneling andB) over-barrier reac- 1K)

tions. FIG. 3. Arrhenius plots for tunneling o) HCOOH and(b) DCOOH in

various matrices. Data for two representative sites for each host are shown
as solid and open symbols. The data for two sites shown in(gldor Xe

Once formedgis-FA converts back tdrans-FA in a ti- as solid and open squares correspond to labels A and B in Fig. 2, respec-
mescale of minutes even below 2 1At these temperatures tively. For compgrison, a simula_ted t'emperature_dependence for tunngling
. . . . ! from two lowest intramolecular vibrational states is shown as a dotted line.

this reaction occurs purely via tunneling. Indeed, according
to the ab initio calculations, the barrier H,) for the
cis—trans isomerization is~2800 cm %2 which gives, ac- ideal system to study the effect of the environment on tun-
cording to the Arrhenius formul&k=A*exp(—E,/kT) and neling.
using the torsional frequency for the pre-exponential factor  The kinetics of the tunneling reaction was measured by
A, a rate constant of 10 *s™! even at 60 K. This rate is FTIR spectroscopy after thgans—cis IR pumping was
more than 13 orders of magnitude smaller than what is obstopped by following the decrease in intensity of the CO-
served in our experiments. The over-barrier reaction shoulOH deformation absorption band cis FA at ~1250 cmi'?
become significant at temperatures only abendl0 K. The  (see Fig. 2 As an additional complication, it was found that
torsional mode, which mainly corresponds to the tunnelinghe spectrometer glowbar radiation increases the rate of the
coordinate, is the lowest frequency vibration ¢is-FA at  cis—trans conversion significantly. By using an interference
~500 cm 12 It follows that, at the highest temperatures of filter that blocks the radiation above1500 cm %, the effect
our experimentg60 K) the population of the first excited of glowbar was suppressed and tunneling rates could be re-
torsional level is<107°. We have estimated by using the liably measured. It was also estimated that the room tem-
WKB approximatior for the penetration probability and ab perature blackbody radiation from the cryostat windows did
initio calculated (MP2/6-314 +G(2d,2p, GAUSSIAN 99t not affect the results. The Arrhenius plots for HCOOH and
torsional potential that the permeability of the barrier fromDCOOH in various rare-gas solids including representative
the first excited torsional level is-4 orders of magnitude examples of different site@gndicated by solid and open sym-
higher than from the ground state. Therefore, at low temperadols) are presented in Fig. 3. The isomerization rate for
tures the tunneling reaction takes place essentially from thelCOOD was also measured in Ar and it was at least three
ground vibrational state afis-FA and the tunneling from the orders of magnitude smallet 8 K than for HCOOH.
thermally excited vibrational states may become important  The major conclusion drawn from Fig. 3 is that the tun-
only at temperatures above 60 K. In this respect, FA is ameling rate depends crucially on the solid host and in most
cases also on the local matrix morphologgatrix-site ef-
fect). The temperature dependencies are also in definite con-

0.6 trast with the behavior that tunneling from the thermally ex-
cited intramolecular vibrational levels would show. To make
00.4 this clear we show in Fig.(3) by a dotted line the simulated
e temperature dependence assuming tunneling from the two
E lowest torsional levels and four orders of magnitude higher
§0.2 tunneling probability from the first excited level than from
< , the ground state. Clearly, comparing this result with the ex-
01 x5 1=20 min periments suggests that the experimental temperature depen-

1250 1240 1230 dencies originate from the interaction of FA with the envi-
ronment. For HCOOH, the tunneling rate decreases from Ar
to Xe by one order of magnitude at 8 K. The rates for the two
FIG. 2. IR absorption otis-HCOOH in the CO-COH deformation funda- representative sites in solid Xe differ by a factor-e2 at 8
mental region in solid Xe at 8 K. A, B, and C denote the absorptionsy (gea z|50 Fig. R In Ar and Kr matrices the molecules in
corresponding to various sitgfocal environment The lower trace was . . L .
measured 20 min after the upper trace showing the different tunneling rate¥arious sites have the same rates within the experimental

for the three sites. error. For DCOOH, the different sites show different tunnel-

Wavenumber (cm™)
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ing rates in all the hosts. The tunneling rate for DCOOH in DCOOH/Ar HCOOH/Ar HCOOH/Xe
Ar is more than two orders of magnitude higher than in Kr at

8 K. The rates for molecules in different sites in Xe differ by 2] N

a factor of~30 at 8 K. Itis also interesting to compare the | _ 2

tunneling rates of HCOOH and DCOOH in the same host. It 1000 v, = -V-s """ v,

is seen that the tunneling rates change considerably despite}z
the deuteration of the carbon bound hydrogen shifts down
the torsional frequency less than 2%. In solid Ar at 8 K,
DCOOH tunnels three times faster than HCOOH. In Kr ma-
trices, the trend is opposite;: HCOOH tunneis30 times
faster than DCOOH. In Xe host, the difference in rate con- 1004
stants depends strongly on which sites are compared.
These observations demonstrate that both changing the

solid host, and changing the local environment within the )

host can influence stronaly the tunneling rates. the di IG. 4._\ﬁbrat|ona| I_ev_el structure dfans HCOOH andtrans DCOOH as
same OS_ aly ) 9 ' etermined from their infrared spectra. The energy of the ground staie of
ferences in the rate constants exceeding two orders of maga estimated by using the gas-phase energéRes. 7) andab initio calcu-

nitude at 8 K. Related phenomena have been reported fdated solvation energies for the two conformers is shown with a dashed line.

reorientation of NHD+ ions in Tutton salté? In those ex- The labels for selected vibrational states correspond to torsigh ©OCO

. . . scissor ¢;), C—H out-of-plane wag #g), C-D rocking (,), and
periments, however, the tunneling system was defined by thgg,~ o geformation ;) modes(Ref. 9.

environment(rotation of NH;,D* between the inequivalent
site9. In the present case, the tunneling sysi@mernal ro-
tation of formic acid is well defined without the environ- mgdes. In solid Ar, one-phonon emission is sufficient to dis-
ment and therefore the effect of environment on the tunnelsjpate the excess ener@@ebye frequency of A£93 cni'?)
ing reaction is probed. while in Xe, a higher-order multiphonon process is required
Next, we try to qualitatively understand different factors (pepye frequency of Xe64 cm *).** We can conclude from
influencing the tunneling rate. Due to the large asymmetry ofhese examples that at least three factors contribute to the
the torsion potentia(see Fig. 1 the tunneling process in- opserved differences in the tunneling rat@s:Change in the
volves excited vibrational states sthns-FA. In this reSpeCt, barrier he|ght due to solvation WhiCh, according to the cal-
the energy difference between this andtransisomers and  culations, is relatively small in this cas€) Due to differ-
the vibrational level structure dfans are important to con- ences in solvation energies, in different environments
sider. It should be noticed that the two isomers have markphonon-assisted tunne"ng may occur between different lev-
edly different dipole moment§3.79 D forcis; 1.42 D for  els. The coupling between vibrational levels can vary
trans)” and hence their solvation energies are different. Westrongly and therefore the effect on the tunneling rate can be
estimated the solvation energiesttdns and cis-FA in vari- large. (3) Change of the magnitude of the energy gap be-
ous hosts within the frame of the polarized continuumtween the tunneling levels changes the order of the phonon
(PCM) model inGAUssIAN 98 (Ref. 11) at the MP2/aug-cc-  process providing the energy dissipation. The differences of
pvTZ level using the calculated gas phase structures and the rates between HCOOH and DCOOH should mainly
dielectric constants of the rare gagds63 (Ar); 1.88 (Kr);  originate from the change of the intrinsic level structure upon
2.19(Xe)]."* The differences for solvation energies of tie  deuteration(see Fig. 4 The site effect can be explained on
andtrans forms are 319 cm' (Ar), 412 cmi* (Kr), and 508  the same basis: It is plausible to assume that molecules in
cm ! (Xe) indicating that solvation in a dielectric medium various sites have different solvation energies because the
has a significant effect on the energetics. According to simicavity size and geometry are key factors in the solvation.
lar calculations performed on the transition state, theAdditionally, coupling with phonons can be different for
cis—trans barrier increases from Ar to Kr by 43 cthand  various sites.
from Kr to Xe by 44 cm. The vibrational energy level The temperature dependencies of the rate constants are
structure oftrans FA relative to the ground state ofs-FAis  roughly described al§(T)> T2 or T#. Previously, roughlyr*
shown in Fig. 4 for HCOOH/Ar, DCOOH/Ar and HCOOH/ dependence was observed for translational tunneling of the
Xe. The position of the ground state ci-FA estimated by acidic protons in benzoic acid dimer¥Theoretically, it was
the solvation calculations is shown with a dashed line in Figshown thatT? or T® dependencies may arise from two-
4. Due to the limited accuracy of the solvation model thephonon emission/absorption and Raman proce$séRRe-
position of the ground state afis-FA should be considered cently, a much stronger temperature dependence was re-
qualitative. Therefore, the discussion below is mostly hypoported for the Dr HD— D, +H reaction in solid HD(Ref.
thetical with respect to the exact energetics. In solid Ar, thel8) and the origin of the effect was considered
smallest energy gap for the relaxation from the ground statéheoretically>'° The present observations should be valuable
of cisHCOOH is connected with the first excited state of thein testing theories for the temperature dependence of dissi-
vg mode(C—H out of plane wagof thetransform. In con-  pative tunneling. In addition to the fundamental value the
trast, in solid Xe, solvation lowers the energyaé$-FA and  observed phenomenon can be used for solid-phase stabiliza-
the most energetically favorable relaxation channel occurs ttion of desired species affected by tunneling decay by choos-
the first excited states of, (OCO scissorsand v (torsion  ing a suitable environment. It is interesting to note that
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