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Infrared spectroscopy (IR) of formyl fluoride (HCOF) dimer is studied in low-temperature argon and krypton
matrixes. New IR absorptions, ca. 17 chblue shifted from the monomer-&H stretching fundamental, are
assigned to the HCOF dimer. The MP2/6-31G** calculations were utilized to define structures and
harmonic frequencies of various HCOF dimers. Among the four optimized structures, the dimer having two
C—H---O hydrogen bonds possesses strongest intermolecular bonding. The calculated harmonic frequencies
of this dimer structure are shifted from the monomer similarly as observed in the experiment. Thus, we
suggest that the experimentally observed blue shiftedH®ands belong to the dimer with two—---O
hydrogen bonds. This observation includes the HCOF dimer to the class of hydrogen bonded complexes
showing blue shift in their vibrational energies.

Introduction stretching frequency in quantum chemical calculations of HCOY

Hydrogen bonding (H-bonding) is common and one of the (Y =H, CHs, F, Cl, Br,. l), dimers at the MP2/6-33#1+G™ .
strongest intermolecular interactions keeping molecules together.leveI of theor)_ﬁ? The optimized structures showed Iengthemng
The great importance of H-bonding in chemistry, physics, and ©f the contacting €X (X = O, halogens) bonds and shortening
biology, that is, its importance for life, has fascinated scientists ©f the C-H bonds. Consistently, the natural bond orbital
since the beginning of the 20th centdry. ana}IyS|s . showgd slight decrease in the population of the

The characteristic structure of H-bond is of the-B{---Y antibonding orbital of the €H bond.
type, where X and Y are electronegative elements, typically O, In this article we present experimental observations of blue
N, halogens, or a region of excess electron density like aromatic shift of the C-H stretching frequency in infrared spectrum of
7-systems and Y possesses one or two lone electron’plirs.  HCOF dimer in cryogenic argon and krypton matrixes. To
addition to highly electronegative elements, the H-bond, al- support the spectral assignments, we carried out quantum
though weaker, appears between thetChydrogen and Y. The  chemical calculations for geometry optimization and harmonic
origin of the H-bonding is explained as arising dominantly from  frequencies of HCOF monomer and dimer structures. We have

electrostatic interaction, while charge-transfer effects are of rgcently reported the photochemistry of the HCOF monomer
secondary importanceThe charge transfer from the proton i, are gas matrix hosfs.

acceptor (Y) to the proton donor ©H), which increases

electron density in the antibonding orbital of the-M proton

donor is characteristic of the hydrogen bond. This, in turn, leads Experimental Details

to weakening of the XH bond. Weakening and concomitant ) ) ) )
elongation of the bond are typically observed as a red shiftin Formy! fluoride was prepared from formic acid (Riedel-de
the X—H stretching frequency compared to the free donor. This Ha&), benzoyl chloride (Merck), and potassium hydrogen
behavior was considered as an exclusive property of the H-bondfluoride (Aldrich) according to a method by Olah and Kéhn
until in the 1980s the first evidence of the opposite case was and purified by a low-temperature distillation. The pure formy!

reported. It was shown that, in fact, the formation of thekG fluoride was stored in a Pyrex container and kept under liquid
.Y H-bond in triformylmethane was accompanied by a blue nitrogen.
shift in the C-H stretching frequency It was suggested by Formyl fluoride was mixed in a vacuum line with argon (Aga,

Hobza and Havldsthat such unexpected behavior may be 99.9999%) or krypton (Aga, 99.997%) prior to matrix isolation
ascribed to a charge transfer from the proton acceptor t0 aexperiments. The gas mixtures were deposited onto a low-
remote region of the H-bonded complex instead of increasing temperature Csl substrate attached to the coldfinger of a closed-
electron density of the antibonding—>H orbital. This would cycle helium cryostat (APD Cryogenics, DE-202A). The
lead to structural reorganization and shortening of thetX  genqsition rate was typically ca. 0.04 mmol/min and the total
bond and blue shift of the XH stretching frequency of the 545t of deposited gas was-2 mmol. The temperature of
complex. However, the ongn of the blue shift IS not fglly the substrate was held at-185 K during the deposition, and
understood, and recent experimental and theoretical studies arey| spectral measurements were carried out at 10 K. The cryostat

reviewed in refs 57. . . . .
. . w i with Csl windows for infrared m rements.
Most relevant to the present study is the recent article by as equipped with Cs dows fo ared measurements

Kovécs et al. in which the authors report blue shift of theld Infrared spectra were recorded with a Nicolet Magna IR 760
spectrometer equipped with a HgCdTe detector and a KBr beam

*To whom correspondence should be addressed. E-mail: hekunttu@ijyu.fi. splitter. The spectral resolution was 0.32B5 cnTl.
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Computational Details T T T

The calculations with all electrons correlated were carried
out using second-order MgllePlesset perturbation thedty
with the Gaussian 03 program packdgeThe geometry
optimization and the frequency calculations of the monomer
and the dimers were carried out using the 6-8+1G** basis
set for all atomg2 The geometry optimization was carried out
with the keyword VeryTight in the Gaussian 03 software,
meaning that the criterion for convergence of the RMS force . .
was set to Ix 107 au. This is necessary for systems possessing

low-frequency vibrations in order to find their lowest energy L i I
1830 1820 1810
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f o

structures and hence the proper harmonic frequencies. The basis )
set superposition error (BSSE) was corrected according to the Wavenumber [cm™]

counterpoise (CP) methéd.The CP method is implemented  Figure 1. The IR absorption of the CO stretching mode of HCOF in
in the Gaussian 03 program, and correction was performed onargon matrix (HCOF/Ar= 1/500). Upper trace: after deposition at 10
every iteration step. The advantage of this procedure is that it K; lower trace: subsequent annealing at 30 K. Dimer band location is
includes BSSE correction in both the energy and the final marked with D.

structure. In addition, the BSSE corrected geometry contributes

. Annealing the matrix at 30 K induced similar spectral changes
to the frequency calculation.

as described for the 10 K deposit.

A dramatic change in the IR spectrum was observed when
the sample was deposited at 25 K. Individual monomer lines

After the deposition of formyl fluoride in an argon matrix  were split into two peaks as previously described, and the dimer
(HCOF/Ar = 1/500) at 10 K, five of the six normal vibrations  bands gained intensity compared to the monomer bands. The
of HCOF monomer, two dimer absorptions at 1818.5 and 672 broad red shifted shoulder bands of HCOF were absent, and
cm%, and the absorption of carbon monoxide were observed several new absorption lines appeared nearby the monomer and
in the infrared spectrufh® The appearance of CO in the sample dimer absorptions. Interestingly, a new line appeared on the
indicates decomposition of HCOF during the deposition. blue side of the CH stretching absorption at 3013 €mvith
However, there was no evidence of HF in the IR spectrum. weaker peaks on both sides of the main peak. The absorption
Additionally to CO absorption, only minor traces of water of carbon monoxide at 2138.5 crwas completely absent
absorption was observed in the IR spectrum. The absorptionsindicating some loss mechanism of the isolated carbon monoxide
of the HCOF monomer and CO were accompanied by broad during the deposition. Annealing the sample at 35 K caused
red-shifted shoulder bands with more or less resolved structure.only minor changes to the spectrum. Figure 2 illustrates the
Other absorptions were observed at 1712, 1031.9, and 1023.Ceffect of deposition temperature on the spectrum. Noteworthy,
cm L, a reference experiment with HCOF/CO/Ar gas mixture showed

A closer look at the spectrum shows that the vibrational bands significant increase or appearance of absorption bands at 3007,
of the HCOF monomer are split into two lines. Gradual 3004, 3001, 2146.3, 2144.9, 2142.8, 1826.6, 1824.9, 1816.7,
annealing of the sample sharpened and slightly decreased the.057.2, 1054.3, and 665 crh
intensities of the absorption lines of the monomer, and after To study spectral effects induced by the solid rare gas host
annealing at 30 K, the monomer absorptions consisted of two we deposited a sample of HCOF in krypton (1:500) at 15 and
clearly separated lines as presented in our previous $tlidsy . 30 K. The spectral features of the 15 K krypton matrix were
also worth mentioning that the single absorption line at 1023.0 quite similar to the HCOF/Ar matrixTy = 10, 1:500) with
cm~! sharpened as well. Simultaneously, the broad shoulder spectral shifts in accordance with typical matrix experiméfts.
bands of the HCOF absorptions were gradually bleached, andFurthermore, annealing the sample at 35 K caused similar
the dimer bands at 1818 and 672.7 éngradually gained changes in the spectrum as described for the annealed argon
intensity upon annealing. After annealing, the dimer band at matrix. The IR spectrum of the krypton matrix deposited at 30
1818 cm! was separated into two maxima at 1818.6 and 1818.0 K showed the same, but shifted, spectral features as recorded
cm™L. The intensity of the carbon monoxide absorption de- from the argon matrix deposited at 25 K (Figure 3). Importantly,
creased upon annealing, as well. Figure 1 illustrates the effectalso in krypton a new absorption appeared to the higher energy
of annealing in the CO stretching region. side of the CH-stretching absorption.

Upon annealing, new lines appeared at 2146.3, 2144.9, The absorption at 1038.2 crhin the argon matrix has been
2117.2,2116.3, 1824.9, 1822.8, 1821.5, 1816.7, 1814.5, 1811.8 previously assigned to the out-of-plane vibratidraoH atom
1054.2 (shoulder band), 1052.7, 1051.7, 1049.4, 1048.4, andfrom the plane of the HCOF moleculeHowever, our experi-
1045.7 cm®. In addition, weak and broad absorption features ments showed that this peak appears only after annealing the
with more or less resolved peaks appeared on the red side ofsample at 30 K and is more likely due to a thermally induced
the CO and CF stretching vibrations of the HCOF monomer. product.

Deposition of the samples at 15 K favored formation of Not only CO, but also water and HF may form complexes
HCOF dimers and increased the dimer-to-monomer ratio by a with HCOF. To provide more rigorous spectral analysis, the
factor of 2. Moreover, the ratio between intensities of the red- spectral observations related to water and HF must be taken
shifted shoulder bands and the monomer bands decreased by anto consideration. As mentioned above, there was no observa-
factor of ca. 3, and the ratio between CO and its red-shifted tion of HF in the course of this study. This might be because
shoulder decreased by a factor of 3. The monomer bands showeaf reactions of HF on the walls of deposition system. Minor
two components, and the overall IR spectrum recorded after traces of water were observed in some experiments. Comparison
deposition showed similar spectral features as the sampleof the spectrum where water was observed to the spectrum
deposited at 10 K and subsequently annealed at280K. without water absorptions indicated that the known absorptions

Experimental Results
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Figure 2. IR spectra of HCOF/Ar matrixes: (a) 1/2000; = 15 K;

(b) 1/500,Tq = 15 K; (c) 1/500,Tq = 25 K; (d) 1/250,Tq = 25 K. The
positions of peaks that appear and/or gain intensity by carbon monoxide
doping are indicated with an asterisk. Negative signals in the spectrum
(b) in the right lower panel are due to spectral correction of the gas-
phase CQ@ Note: The spectra c and d are recorded with resolution of
0.5 cnT.
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Figure 3. IR spectra of the CH and CO stretching regions of HCOF
in argon (1/50074 = 25 K) and krypton (1/500T¢ = 30 K) matrixes.

of HCOF dimer as well as absorption at 3113 @nmwere not
affected by impurity water.

Computational Results

Ahokas et al.
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Figure 4. The optimized structures (MP2/6-31#G** with BSSE
correction) of the HCOF dimer.

authors of ref 8 used the MP2/6-3t+G** level of theory
with the frozen core approximation in geometry optimization,
and the BSSE was corrected for the final structures only.
Moreover, the authors noted that the 6-3HG** basis set
The optimized geometries of the HCOF monomer and four underestimates the dispersion interaction, while the BSSE does
HCOF dimer structures are presented in Figure 4, and their not fully compensate this error and the CP correction even
structural parameters are collected in Table 1. Starting geom-increases the underestimation. Consequently, the authors of ref

etries for the monomer and the dimers were taken from 8 concluded that the MP2/6-3+1-G** level, without the BSSE

literature®1” We also tested other starting geometries for HCOF, correction, yields better description of molecular properties
which have been found stable for formaldehygigrmic acid® compared to the BSSE corrected ones. In the present study we
and acetaldehyde dimet$According to previous study by  obtained six stable dimer structures similar to the ones reported
in ref 8, when geometry optimization was carried out at the

Kovacs et al., there are six stable HCOF dimer structéBise
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TABLE 1: The MP2(FULL)/6-311 ++G** (with BSSE Correction) Optimized Geometries of the HCOF Monomer and Four
Stable Dimer Structurest

monomer expt | Il I \Y, vV ¢ vid
rcima 1.093 1.095(8) 1.093 1.092 1.093 1.092
rcio1 1.184 1.181(5) 1.186 1.187 1.187 1.183
reirt 1.350 1.338(5) 1.344 1.346 1.345 1.360
anicio1 128.1 127.77(30) 127.8 127.7 127.8 129.0
aHic1FL 109.0 109.90(300) 109.4 109.9 109.7 108.7
coH2 1.092 1.092 1.092 1.092
rc202 1.185 1.187 1.183 1.183
rcor2 1.354 1.347 1.362 1.360
8H2c202 128.4 127.7 129.3 129.0
8H2C2F2 109.2 109.9 108.5 108.7
Toinz 2.429 2.632 2570 (3.108) (2.608)
(2.358) (2.559) (2.506)
I'H102 2.632 (2648)
(2.559)

MHir2 2.704 2.665 (3.642)

(2.571) (2.551)
IE1H2 2.665

(2.551)

dricicor2 88.3 180.0
dricicoo2 180.0
doiciceo2 180.0

aBond lengths in A and bond angles in deg. Data in parentheses correspond to BSSE uncorrected calb@afierimental data from ref 21.
¢ Dimer with nearly perpendicular planes of monomers and dottle--O— hydrogen bond. See ref 8 for structufdimer with —H-+-O- and
—H---F— hydrogen bonds and nonplanar structure. See ref 8 for structure.

TABLE 2: Harmonic Frequencies (in cm™?1) at the MP2(FULL)/6-311++G** Level 2

monomer | Il 1} v
F1C101 bend 663.4 (22) 668.7 (16)
F2C202 bend 661.1 (35) 655.9 (29)
FCO bend in-phase 666.1 (0) 669.7 (19) 658.1 (0)
FCO bend out-of-phase 670.8 (39) 655.9 (57)
H1 OPLAP 1042.8 (0.002) 1047.4 (0.1) 1054.0 (0.0007)
H2 OPLAP 1056.8 (1) 1052.1 (0.06)
OPLAP in-phase 1058.3 (0.04) 1044.9 (0.06)
OPLA® out-of-phase 1059.3 (0) 1044.8 (0)
C1F1 str 1064.0 (297) 1082.8 (283) 1082.8 (303) 1020.5 (0)
C2F2 str 1049.9 (338) 1025.7 (318) 1043.3 (596)
CF strin-phase 1087.0 (0)
CF str out-of-phase 1064.5 (692)
H1 rock 1398.0 (0.4) 1399.6 (0.5) 1400.0 (0.4)
H2 rock 1410.5 (0.3) 1392.5 (2.6)
H rock in-phase 1393.0 (0) 1391.8 (0)
H rock in-phase 1398.2 (0.7) 1396.4 (1.4)
C101 str 1863.3 (268) 1860.3 (265) 1854.1 (384)
C202 str 1855.7 (314) 1864.9 (2.6)
CO strin-phase 1850.1 (0) 1870.2 (0)
CO str out-of-phase 1854.9 (530) 1861.4 (586)
C1H1 str 3172.3 (25) 3180.8 (22) 3185.4 (13)
C2H2 str 3198.4 (0.9) 3197.1 (6)
CH str. in-phase 3191.9 (0) 3191.8 (0)
CH str out-of-phase 3192.6 (19) 3191.1 (23)

aThe computed IR intensities are given in parenthes€xit of plane bend of €H bond.

MP2/6-31H+G** level with all electrons correlated and BSSE  6-311++G** level at optimized structures. The calculated
correction neglected. These geometries were then used as inputBequencies are collected in Table 2. The relative energies of
for subsequent optimization including BSSE correction at every the dimer structures with respect to two separated HCOF
iteration step. Interestingly, two out of six structures that were molecules are shown in Figure 5.

found to be stable without BSSE correction, turned out to be  |n addition to dimer structures, the structure of the cyclic
unstable in the latter calculation. For example, the dimer with HCOF dimer with a triple—H---O— hydrogen bond was

double C-H--+O contacts and nearly perpendicular planes of optimized. Since the computational Gibbs free energy of
monomers (structure VI in ref 8) relaxed to a structure with formation of a trimer is higher than for dimers, it is energetically

parallel planes of monomers (structure Il in Figure 4). This unlikely that trimers are formed to a significant extent.
demonstrates that use of basis sets not large enough to model

the system properly may lead to a situation in which the choice piscyssion

of a method becomes crucial. For comparison, we present the

BSSE corrected and the BSSE uncorrected data separately in The infrared spectra of the HCOF monomer and the known

the following tables. dimers are in agreement with the previous experimental
Harmonic frequencies were calculated for the four stable reports?15and the splitting of the monomer absorptions can be

dimer structures as well as for the monomer at the MP2(FULL)/ ascribed to well-known matrix site-effects. For formaldehyde,
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TABLE 3: The Spectral Shifts (in cm™1) of the Dimer (I—1V) Vibrations with Respect to the HCOF Monomer

calcd (D—-M)
expt (D—M) | I 1] v V a via
CH 16.3/17.1 8.4/26.0 20.3 13.1/24.7 18.8 10.0/21.8 14.3/23.5
co -10.8--11.9 —-3.0~7.5 -8.3 -9.2/1.6 -1.9 —10.4-4.0 -6.1-0.5
HCF Vw 1.6/12.5 0.2 2.0/5.5 1.6 —-1.0/5.5 —3.7/1.3
CF 0.2/0.7 18.8+14.1 0.5 17.8+37.3 —20.7 5.1/16.5 —27.8/4.2
OPLA Vw 4.6/14.0 15.5 11.2/9.3 21 -1.1/12.3 0.8/8.0
FCO 7.717.9 5.3f2.3 7.4 —7.5/6.3 7.5 3.5/7.6 —4.8/4.9
aBSSE uncorrected data.
of—— 0 17 cm blue shifted from the CH-stretching fundamental. When
2(HCOR) the HCOF/Ar or HCOF/Kr ratio was varied, these absorptions
2t 4 -161 showed relative changes in their intensities, which correlated
with changes in the known red-shifted dimer bands associated
— ol 4 322 with other vibrational modes. On the basis of these observations
Zg (-5.0) e we assign the weak 3013 and 3006.6érabsorptions to the
2 st 66) Strucwre vV | 0 S HCOF dimer in argon and krypton matrix, respectively.
g S"um'urel (-7.4) E To support spectra_l assignment we employed MP2(FULL)/
weoel Structure 4 64a 6-311++G** calculations for the HCOF monomer and the
8) dimer structures and harmonic frequencie§. The computgd
ol Smjct'ure m 1 808 properties of thg ‘monomer and dimers are in agreement with
the former ab initi&2728.and DF P93 calculations. The EH
12 066 bond is shortened by 0.0069.0014 A and harmonic €H

stretching vibrations are blue shifted in dimers with respect to
The level of theory is MP2(FULL)/6-3%2+G* including the BSSE EE;Q?:S&?;:&%G dier)] 'Jshzrzpfgltlgtzg'ﬁTo;jslglgded vibra
correction. The energies are corrected for zero-point energies. The )

values in parentheses are in kJ/mol units. The contacting—H---O— and —H---F— hydrogen bond
lengths obtained in the present study (with all electrons
correlated and including BSSE correction at every iteration step)
are typically~0.06 and~0.12 A, respectively, longer than those
reported in ref 8. This elongation of the hydrogen bond is
suggested to originate from the incapability of the basis set to
describe the dispersion interaction correctly as demonstrated for
a planar formaldehyde dimer with a doubtél---O— hydrogen

Figure 5. The computed dimerization energies of the HCOF dimers.

similar site splitting has been observed for all fundamentals
except thevs mode in the nitrogen matrix, but interestingly no
splitting is observed in the argon matf&.2* Examples of other
small polyatomic molecules showing distinct site splitting
include, for examplegis- andtransformic acid in argon matrix

and HONO in krypton matri>26 Typically, the relative 8 ) o : . .

intensity of the doublets is sensitive to deposition temperature ?hon%SFSolé compa:!son, wde ognmlze(;nl thg g;ng:tulre by ;_nclud;r;g

and annealing of the matrix. On the basis of these observations € corréction and observed a U. elongation ot the
hydrogen bond length compared to the BSSE uncorrected

and the existing literature we suggest that the doublets belong T
to HCOF monomers trapped in different matrix sites. structure, anq Q.16 A elongation if compared to the MP2/aug-
cc-pVQZ optimized structuré.

The red-shifted shoulder bands of the monomer absorptions - _
most probably belong to some thermally unstable species, for  The dimerization energies of structures | and IV are nearly
example two nearby HCOF molecules or HCOF interacting with |glent|cal W|thput the BSSE correction, Whlle the BSSE correc-
another molecule. During annealing of the matrix, the shoulder tion destabilizes structure IV possessing doubiéi---F—
absorptions bleached completely, the dimer absorptions gainedlydrogen bonds. For this structure, the BSSE corrected dimer-
intensity, and new absorptions appeared or gained intensities.ization energy is 60% of the uncorrected energy; moreover, the
Since the monomer absorptions sharpened and slightly lost theihydrogen bond lengths are relatively sensitive to the BSSE
intensity, the shoulder bands most probably do not belong to correction. Since the dimerization energies are corrected for
monomers trapped in different Sites_ |nstead' the increase OfBSSE, Wh||e the baSiS set Underestimates dispersion interaction,
the dimer absorptions at 1818 and 672 émduring annealing only four stable dimer structures are found in the present study.
would suggest that the disappearance of the shoulder bandshis is a methodology problem, and it should be noted when
contributes to formation of stable dimer structures. Upon being Studying weakly bound systems.
annealed, some peaks, other than the dimer peaks, increased The spectral shifts of the vibrational frequencies of HCOF
their intensity as well. These absorptions grew even more strongdimers with respect to monomer frequency are shown in Figure
when carbon monoxide was added to the HCOF/Ar mixture 6. Comparison of the computed IR intensities and experimental
(see Figure 2). This observation can be taken as evidence thaspectrum would suggest that structures I, Ill, and IV may not
some amount of carbon dioxide forms complexes with HCOF. be abundant in our samples. This is consistent with the energy
According to these observations we suggest that the red-shiftedevel diagram of Figure 5. Consequently, the most stable
shoulder bands of the HCOF monomer and CO belong to structure 1l is the obvious candidate for the origin of the
thermally unstable structures of the HCOF dimer and the HCOF experimentally observed dimer spectrum. At this point we recall
-«CO complex. that it was suggested in ref 8 that molecular properties are more

Deposition at elevated temperature, 25 K for argon and 30 consistent if calculated without the BSSE correction. This may
K for krypton, yielded a number of absorptions near the be fortuitous and caused by the inadequate basis set. Neverthe-
monomer lines. Interestingly, a new absorption appeared at 3013less, we cannot explicitly exclude structures V and VI without
and 3006.6 cmt in argon and krypton, respectively, and is ca. examining the system with more extensive basis sets.
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