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The complex formed between methanol and tetrafluoromethane has been identified in argon and neon matrixes
by help of FTIR spectroscopy. Three fundamenta{®H), v(FCF), and»(CO)) were observed for the complex
isolated in the two matrixes, and the OH stretch was red shifted in a neon matrix and blue shifted in an argon
matrix with respect to the corresponding vibration of the methanol monomer. The theoretical studies of the
structure and spectral characteristics of the complexes formed betwe@HCihd Ck were carried out at

the MP2 level of theory with the 6-3#G(2df,2pd) basis set. The calculations resulted in three stationary
points from which two (I-1, I-2) corresponded to structures involving theH2-F hydrogen bond and the

third one (I-3) to the non-hydrogen-bonded structure. The topological analysis of the distribution of the charge
density (AIM theory) confirmed the existence of the hydrogen bond in I-1, I-2 complexes and indicated weak
interaction between the oxygen atom of £LHH and three fluorine atoms of Gk the I-3 complex. The
comparison of the experimental and theoretical data suggests that in the matrixes only the non-hydrogen-
bonded complex 1-3 is trapped. The blue/red shift of the complex OH stretching vibration with respect to the
corresponding vibration of C¥H in argon/neon matrixes is explained by the different sensitivity of the
complex and monomer vibrations to matrix material. The ab initio calculations performed for the ternary
CH;OH—CF,—Ar systems indicated a negligible effect of an argon atom on the binary complex frequencies.

Introduction proton donors. A blue shift of the OH stretching frequency has
been reported recently for the-®---Ar hydrogen bond in the
hydroquinone-argon complex! Alabugin et al* reported that
tetrafluoromethane complexes with methanol should display all
characteristic features of improper H-bonding and are strong

Tetrafluoromethane CF(also known as Freon-14) is a
molecule of wide-ranging industrial and environmental interest.
It is utilized widely as an insulator and extinguisher gas in high-
yoltage ?ppllc_athn a_lnd as an (_etchlng gas in the semlconductorenough to be observed experimentally.
industry! The ionization dynamics of the G#H,O complexes . LT o .
have been recently investigated to shed light on the mechanism In this paper, we present the detailed infrared matrix |solat|o_n
of plasma dry etching of silicon surface by (FThe formation and theoretical studies of the tetrafluoromethane complexes with

of CF4---O, adducts was considered as a model system for the methanol. To minimize the effect_ of surrounding on the

use of liquid perfluorochemicals in artificial bloéd. complex, we studied the complexgs in argon and necn matrixes.
Recently, Alabugin et & have suggested that the hydrogen- F(_)r comparison, the results obtained for thesEldomplexes

bonded complexes of tetrafluoromethane with various alcohols with methanol are also presented.

ROH:--CF; (R=Me, CH,OH, t-Bu, NH,CH,) should display ) )

the characteristic features of improper, blue-shifting H-bonding. EXperimental Section

The blue-shifting hydrogen bonding has been recently in the

center of interest of many research&rsA characteristic feature

Of, the |mproper.hydrogen bond is the=ki bond shortemng mixed with argon or neon in a stainless steel vacuum line. The

with a concomitant blue shift of the XH IR stretching  cqncentration of MeOH/CFAT(Ne) varied in a range between

frequency after X-H:--Y bond formation. This behavior is 1 ,./5000 =2, 5) andm/n/1000 n= 1, 2, 5:n =1, 2, 4, 6).

opposite of that expected for a conventionatbf--Y hydrogen e gas mixtures were condensed onto a gold plated copper
bond. Experimental evidence for the blue shifts was obtained p . kept at 18 K (Ar matrix) or 4.7 K (Ne matrix). The

mainly for the C-H---Y hydrogen bondg.From its discovery,

Infrared Matrix Isolation Studies. The methanol and
tetrafluoromethane (G or fluoromethane (CkF) were pre-

temperature was maintained by means of a closed-cycle helium

blue-shifting H-bonding received much attention from theoreti- cryogenerator (Air Products, Displex 202A or Cryomech PT-
cians who suggested several explanations for this phendrfiéna. 405). Infrared spectra were recorded at 11 K (Ar matrix) or 4.7

Rece_nt 'Fheoretical studies suggest that improper hydrogeny (Ar and Ne matrixes) with a resolution of 0.5 or 0.12 ¢
bonding is more general and can be observed for the hydrogeny, ' means of a Bruker 113v FTIR or Bruker IFS/66S spectrom-
bonds in which StH, P—H, N—-H%10and even OHare eter equipped with a liquid Ncooled MCT detector.
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Figure 1. The spectra of the Ci{DH/CF/Ne(Ar) matrixes in the OH Figure 2. The spectra of the same matrixes as presented in Figure 1
stretching region. Ne: (a) the spectrum of the ;OH/Ne = 1/1000 in the C-O stretching region.
matrix; (b,c) the spectra of the GABH/CF/Ne = 1/5/1000, 1/2/500,
respectively. Ar: (a) the spectrum of the gBH/Ar = 1/1000 matrix; spectra of CF in argon and neon matrixes have been also

(b,d) the spectra of the GRH/CRJ/Ar = 1/4/1000, 1/6/1000, respec-  recenily studied! In the spectra of argon and neon matrixes
tively; (c) the spectrum of matrix (b) after annealing to 32 K for 15 0 4 \vith methanol and tetrafluoromethane or fluoromethane
min. The bands due to GF-CH;OH complexes are indicated by P . !
arrows; the band due to the watenethanol complex is indicated by ~ N€W absorptions appeared as compared to the spectra of parent
an asterisk. molecules: CHOH, CF, and CHF. The new absorptions are
assigned to the complexes formed between methanol and CF

Ar, and CHF—CH3OH complexes were optimized at the MP2 o CH;F and will be discussed below.
level with the 6-31%G(2df,2pd) basis sét!* Vibrational Methanol—Tetrafluoromethane Complex. Figures 1-3
frequencies and intensities for the monomers and for the binary present the spectra of the @bH/CF/Ar and CHOH/CFy/Ne
complexes were obtained at the same level of theory. matrixes in the regions of the €€H and G-O stretching

The interaction energies of the clusters were corrected by thevibrations of methanol and in the region of the asymmetric FCF
Boys—Bernardi full counterpoise correction (CP)The interac-  stretching vibrations of CF In the spectra of argon matrixes
tion energy of the ternary complex has been obtained by doped with both CHOH and CF, a shoulder appears at 3671.7
subtracting the energies of the isolated monomers from the cm~1 on the high-frequency side of théOH) stretching band
energy of the complex. Here, the geometries of the monomersof CH;OH monomer (Figure 1). The 3671.7 chshoulder is
correspond to those in the complex and are deformed from theiragccompanied by a 1032.0 cband occurring on the low-
equilibrium values. The tWO-bOdy interaction ene@z in the frequency side of the €0 Stretching absorption of GaH
ternary complex was evaluated as a sum of the two-body (Figure 2) and by a 1248.4 cth 1246.9 cm? doublet in the
interaction terms. The difference between the total interaction region of the asymmetric FCF stretching vibrationg of CF,
energy AEq of trimers and the pairwise interaction energies (Figure 3). A shoulder at 1282.0 cthobserved in the region
AE? represents the cooperative effect in trimeyE® = AEq of the vs, CF vibration on the 1281.0 crt absorption is also
— AE% tentatively assigned to the GBH---CF, complex. In addition,

The topological analysis of the electron density has been very weak bands at 2050.9 cfhand at 1472.2 cnt, which
performed at the MP2/6-3%#1G(2df,2pd) level of theory with  appear close t012CO) overtone and td.d{CHs) absorptions

the AIMPAC set of program¥ of CHsOH monomer, respectively, are also assigned to the
CH30H---CF4 complex. All of the above product bands are
Results observed in the spectra of matrixes with very low {CHt

Experimental Spectra.Infrared spectra of CEOH in argon concentration (in which mostly GJ®H monomers are present).
and nitrogen matrixes have been extensively studfiedf;the The relative intensities of all bands are constant within the range
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Figure 4. The spectra of the C}¥DH/CH;F/Ne = 1/1/500 matrix in
the OH stretching (b) and CO, CF stretching regions (c). The spectra
of CH;OH/Ne = 1/1000 and CKFNe = 1/500 are presented for

TABLE 1. The Experimental Frequencies and Frequency comparison. The bands due to complexes are indicated by arrows.

Shifts (cm™) for the CH30OH---CF, Complexes Isolated in .

Neon and Argon Matrixes TABLE 2: The Comparison of the Calculated and
Experimental Frequencies and Frequency Shifts (cm') for

wavenumbers (cm’)

Figure 3. The spectra of the same matrixes as presented in Figure 1
in the v3(CF,) stretching region.

Ne matrix Ar matrix the CH3OH:---CH3F Complexes Isolated in Neon Matrixes
CH;OH/ICF,  complex CHOH/CF, complex calculated experimental

v v Av v v Av_ assignment CHsF/ICHOH  complex  CHF/CHOH complex  assign-

3688.5 3680.0 —8.5 3666.4 3671.7sh+5.3 v(OH) v v Av v v Av  ment
2054.3 20509 —3.4 2(CO) 36500

1277.6s  1252.3—-25.3 1274.2s 1246.95-27.3 v,{CFy) 3647 2
1278.4 1249.6—28.8 1272.2 1248.4 —23.8 va{CFy) _ ) _
1032.6  1030.6 —2 10334 10320 -34 »(CO) 39230 3874 —49 3688.4 32316505 424 v(OH)

. . . 10915  1057.7-33.8 10437  1016.4 —27.3 v(CF)
of studied concentrations, indicating that they are due to the 10564  10885+22.1  1032.6  1041.7(?)+9.1 #(CO)

1:1 CHOH:--CF, complex. The experimental frequencies of
the CHOH---CF, complex isolated in argon and neon matrixes Methanol-Fluoromethane Complex.In Figure 4, the spectra
are presented in Table 1. of CHzOH/CHzF/Ne matrix in the region of the OH stretching
The absorptions observed in the spectra of argon matrixes atand FCF and CO stretching vibrations are presented; the
3671.7, 1032.0 cmt and the doublet at 1248.4, 1246.9 Tm experimental frequencies are compared to the calculated ones
have their counterparts in the spectra of neon matrixes at 3680.0jn Table 2. Three absorptions were identified for thesOH---
1030.6 cm! and at 1252.3, 1249.6 cri respectively (see  CHzF complex isolated in neon matrixes. A product band with
Figures 1-3). It is interesting to note that the OH stretching a characteristic structure appears in the OH stretching region at
vibration of CHOH:---CF, is red shifted {8.5 cntl) with ca. 3646 cm'. The other band due to the complex is identified
respect to the OH stretch of methanol monomer when the in the CF and CO stretching regions at 1016.4 & shoulder
complex is isolated in neon, whereas it is blue shifte®.( that occurs on the strong CF stretching band at 1041:7 ¢sn
cmb) for the complex isolated in argon. The other complex also tentatively assigned to the @bH---CHzF complex.
absorptions show similar perturbation in both argon and neon  Ab Initio Calculations. Three optimized structures (I-1, I-2,
matrixes (see Table 1). In addition, a product band at 1264 cm  1-3) of the CHhOH:---CF, complex are presented in Figure 5. In
is also assigned to the GBH---CF, complex; no other bands  Table 3, the selected structural parameters and interaction
were identified for the complex in neon matrixes. energies are collected for the three structures. The whole set of
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Figure 5. The optimized structures of the binary £+CH;OH, CH;F---CH;OH complexes and ternary GFCHz;OH---Ar complexes.
TABLE 3: The Selected Structural and Spectroscopic TABLE 4: The Calculated Frequencies ¢, cm™1), Frequency
Parameters for the CFy++:CH3;0OH and CH3F:--CH3;OH Shifts upon Complexation Av, cm™1), and Intensities (km
Complexes mol~1) for the Optimized Structures of the CH3OH-:-CF,4
a (F-+H=0) r(F-+H) r(0-~C) Ar(O—H)® AE(BSSE} Complexes
[deg] [A] [A] [A] kcal molt -1 I-2 -3
I-1 147.50 2.3391 4.0148 0.0001-0.59 v Av v Av v Av  assignment
.1b _ _
:; 17262 22-32571315 40165 _8-8881' _8-;? 3929(61) +6 3933(87) +10 3919 (44) —4 w(OH)
i : : : : : 3197 (22) —2 3196(23) —3 3201(17) +2 vadCHa)
I-1-Arl  146.23 2.3439 4.0211 0.0002—1.04 (-0.05) B B
I-1-Ar2  143.16 2.3879  4.0492 0.0002—0.99 (—-0.05 3139(36) 1 3138(40) 2 3142(39)  +2 vadCHy)
A : : oa0e9z o000 71-02( -05) 3066 (49) -2 3066(50) -2 3069(51) +1 w4CH)s
|'3_A1 2 1848 0.0004 144010 1537 (6) +2 1534 (5) -1 1533(5) —2  5a{CHy)
AR 31008 O i (fo'oe) 1525(3)  +2 1523 (4) 0 1524(4) +1 6.{CHs)
HTAT - : 36 (-0.06) 1493(4) -1 1494 (5) 0 1494 (4) 0 64CHa)

| 14886 19702 32090  0.0032-3.54 1385(12) +7 1387(33) +9 1379(32) +1 O(COH)
aThe difference between the complex and methanol monosrer, 1309 (463) +10 1313(410) +14 1313(383) +14 vadCFy)v3
= I'omp— mon ° Data from ref 4 The cooperative effect for the ternary ~ 1305(384)  +6 1303 (474) +4 1300(378) +1 vadCFs),v3

complexes is given in the brackets. 1280 (415) —19 1278(394) —21 1277 (489) —22 vadCFu)yvs
1190 (0) +2 1190(0) 42 1189(0)  +1 p(CHy)
1103 (4) +2 1104(8)  +3 1101(8) 0 p(CHy)
structural parameters for the three structures are presented int071 (117) +5 1072(90) +6 1066 (97) 0 »(C-0)
the Supporting Information. The complexes I-1 and I-2 are 25(1) 0 925(1) 0 924(0)  —1 v(CFy)m
bilized by a very weak hydrogen bond between the OH group o301 041(6)  +2 640 (5)  +1  0adCFy)va
sta y avery ydrog OHQroup 64079  +1  639(4) 0 640(4) +1 0.dCFa)va
of methanol and F atom of tetrafluoromethane; they differ with  g3g9 (5) 0 638(6) -1  636(6) —3  0.dCFs),va
the orientation of CEwith respect to methanol. The complex 442 (40) +1 443(0) +2 443 (0) +2  O§(CFy),v2
I-3 is stabilized by van der Waals interaction. The optimized 441 (0) 0 440(0) -1 441(0) 0 O«(CF4),v2
structure, 1, of the CHOH:+-CHsF complex is also presented ~ 332(97) 347(99) 301 (110) ToH

in Figure 5; it is stabilized by the hydrogen bond between the

OH group and F atom. The formation of a hydrogen bond has structural parameters for the ternary §HH---CF4---Ar com-

a negligible effect on the ©H bond length of methanol in the  plexes are presented in the Supporting Information.

I-1, I-2 complexes; larger lengthening of the OH bond (0.0003 In Table 4 are presented the calculated frequencies and
A) is calculated for the I-3 complex than for the I-1, I-2 ones. intensities for the binary I-1, 1-2, and |-3 complexes (the
The non-hydrogen-bonded complex I-3 is also more stable thanfrequencies of the ternary complexes are presented in the

the I-1, I-2 complexes<£1.02 kcal mot?! versus—0.59,—0.51 Supporting Information). As one can see, the I-1, I-2, and I-3
kcal molt, respectively). The complex Il between methanol structures are characterized by a very similar set of frequencies.
and fluoromethaneAE = —3.54 kcal mot?) is much more Slightly larger differences occur for the COH group vibrations

stable than the I-1, I-2 complexes. The formation of a relatively (as may be expected). The calculations indicate a small blue
strong hydrogen bond is accompanied by lengthening of the shift of the OH stretching vibration in the I-1, I-2 complexes
OH bond by 0.0032 A. (+6, +10 cnt?t) and red shift in the 1-3 complex—4 cnT?)

The calculations indicate two true minima for the ternary with respect to the CEOH monomer vibration. The COH
CH3OH—CF,-Ar systems in which an Ar atom is attached to bending and €O stretching vibrations are calculated to shift
the binary I-1 or I-3 structures (see Figure 5 and Table 3). In +7, +5 cnmt and+9, +6 cn! toward higher frequencies in
the complexes I-+Arl and I-3-Ar1, the argon atom is placed  the I-1, -2 complexes, respectively, whereas a negligible shift
above the C(7)F(8)H(1)O(2) plane and above the +8)1) is calculated for the two vibrations in the 1-3 comple1(and
bond, whereas in the complexes+Ar2 and I-3—Ar2 the argon 0 cnm). It is also interesting to note relatively strong perturba-
atom is placed below the F(11)F(10)H(6)H(5) plane. The tions of thev,d CF,) vibrations in all three complexes I-1, I-2,
attachment of one argon atom to the binary complex slightly and I-3 (see Table 4). The attachment of an argon atom to the
stabilizes it; however, the cooperative effects in the ternary I-1  1-1 complex in the I-1-Arl position or attachment of an argon
Arl, I-1—Ar2, I-3—Arl, and I-3-Ar2 complexes are very small ~ atom to 1-3 in positions I-3Arl, I-3—Ar2 shows no effect or
(—0.05,—0.06, and—0.10 kcal mot?). The whole set of the negligible effect on the frequencies of the binary complexes
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TABLE 5: Topological Properties, Charge Densityp(r) (in au), and Laplacian of Charge DensityV?p(r) (in au) of O—H, F++-H
Bonds for Hydrogen-Bonded I-1, I-2, Il Complexes and O-H, O---F Bonds for I-3 Complex

p(O—H) VZp(0O—H) p(F+-+H) V2p(F-+-H) p(O-+-F) V2p(0-++F)

-1 0.3749 —2.8191 0.0082 0.0356

-2 0.3749 -2.8223 0.0090 0.0396

I-1—Arl 0.3747 —2.8169 0.0082 0.0353

I-1—Ar2 0.3747 —2.8155 0.0075 0.0324

I 0.3702 —2.8225 0.0199 0.0818

-3 0.3743 —2.8052 0.0062 (O2-F8) 0.0287
0.0068 (02-+F10) 0.0265
0.0067 (02-+F11) 0.0300

I-3—Arl 0.3743 —2.8049 0.0064 (O2-F8) 0.0269
0.0068 (02-+F10) 0.0293
0.0068 (02-+F11) 0.0298

I-3—Ar2 0.3743 —2.8047 0.0060 (O2-F8) 0.0260
0.0069 (O2-+F10) 0.0290
0.0069 (02-+F11) 0.0307

CH3OH 0.3750 —2.8111

(0, £2 cn1). The frequencies are slightly more modified when
an argon atom is attached to the I-1 complex in position-I-1
Ar2. The OH stretching, COH bending, and-O stretching
are 7, 4, and 3 cri red shifted upon complex formation (see
the Supporting Information for the full set of frequencies).
Table 5 presents topological properties of the electronic
charge density at a bond critical point (BCP) found for theHD
bond and F-H interactions in the I-1, I-2, Il complexes and
for the O--F(8), O--F(10), and G--F(11) interactions in the
I-3 complex. The values of the densijtyr) and the Laplacian
of the densityV2p(r) at the BCP are equal to 0.0082, 0.0356
au, respectively, for the-FH interaction in the I-1 complex,
and to 0.0090, 0.0396 au in the I-2 complex, confirming the

respect to the corresponding vibrations of 4O or CK
monomers. However, the band assigned to the OH stretch
exhibits different behavior in neon and argon; it is 8.57ém
red shifted in neon and 5.3 crhblue shifted in argon with
respect to the OH stretch of GBH. The questions arise about
the structure of the complex trapped in neon and argon matrixes
and about the nature of the different behavior of the OH stretch
in the two matrixes. As is well known, solid neon provides a
more neutral environment than solid argon, so, one may expect
that the complex isolated in neon will be less perturbed by the
environment than the complex isolated in argon. The observed
shifts of the OH and CO stretching vibrations with respect to
the corresponding monomer vibrations suggest that the complex

presence of hydrogen bonding in these two structures (for trapped in neon has the non-hydrogen-bonded structure I-3. The

hydrogen bonds(r) and V?p(r) values usually lie within the
range 0.0020.04 and 0.020.15 au, respectively). There is
a negligible change of charge density of the i@ bond upon

CO stretching vibration is particularly informative as far as the
structure of the complex is concerned. First, it is less sensitive
to matrix environment than the OH stretching vibration. Second,

complexation in these two complexes. An attachment of an the vibration exhibits different perturbation in hydrogen-bonded

argon atom to I-1 has no or negligible effect on {(e) and
V2p(r) values of the F+H interaction in the I-:-Arl structure,
whereas it slightly decreases bailr) and V2p(r) values of
F---H in the I-1—-Ar2 structure. In the complex Il, the(r) and
V2p(r) values of the F+H interaction are equal to 0.0199 and
0.0818 au, larger than in the I-1, -2 complexes, which is in
agreement with a higher interaction energy of this complex with
respect to the I-1, I-2 complexes. The charge density of thelO

I-1, I-2 complexes and in the non-hydrogen-bonded I-3 complex.

For the two hydrogen-bonded structures, the calculations predict
a distinct blue frequency shift of the CO stretch, whereas a small
red frequency shift is observed. The identified overtone of the

CO stretching vibration,{CO), is also red shifted (3.4 cr)

with respect to the g CO) of the CHOH monomer (Table 1).

The identified FCF vibrations provide no information on the
complex structure; for all three structures the calculations

bond shows a distinct change upon complexation for complex jndicate similar perturbation of the; (CF;) mode. Failure to

Il (from 0.3750 for the monomer to 0.3702 for the complex).

observe other complex vibrations may be due to their negligible

In the I-3 complex, BCP were found between the oxygen atom perturbations from monomers vibrations as indicated by calcula-

of the methanol molecule and three fluorine atoms (F8, F10,
and F11) of Ck and between one of the hydrogen atoms of
methanol, H6, and the fluorine, F11, atom.

Discussion

The Structure of the Complex Trapped in Argon and

tions (Table 4).

The Nature of the Blue Shift of the OH Stretch in an
Argon Matrix. There are known examples of weak complékes
whose structures depend on the matrix material in which the
complex is trapped. However, very similar perturbations of the
CO stretching vibration in the complex isolated in neon and

Neon Matrixes. The calculations show that the three complexes argon matrixes suggest that the complex of the same structure
I-1, 1-2, and -3 are characterized by a very similar set of is trapped in the two matrixes. Both in the complex trapped in
frequencies (Tab|e 4)' the |argest differences in frequencies solid neon and in solid argon the CO stretch shows a downward
occurring for the COH group vibrations as discussed earlier. frequency shift, so, one may conclude that the complex in the
For the CHOH:---CF, complex trapped in neon and argon two matrixes has the I-3 structure.

matrixes, three bands due to the OH and CO stretches and to The blue shift of the OH stretch in solid argon as compared
the FCF asymmetric stretching;s (CFs), vibration were to the red shift of this vibration in solid neon may be explained
observed (Table 1). The-€0 stretching anat; (CF,) vibrations by different effects of these two matrix materials on the OH
exhibit very similar perturbations in neon and argon matrixes. stretching vibration in the C{OH monomer and in the
The C-0 stretch is red shifted 2 and 3.4 cinand the doublet CH3OH---CF4 complex. The typical effect of various matrixes
observed for the;; (CFy) is red shifted 25.3, 28.8 cm and on the vibrational spectrum of individual molecule or van der
27.3, 23.8 cmt in neon and argon matrixes, respectively, with Waals and hydrogen-bonded complex consists of the vibrational
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frequency shift appropriate to the selected vibrational mode and OH stretching frequency. On the other hand, the MP2(FC)/6-
to the type of the matrix. Luck et &.have shown that between  31+G* level of theory predicts contraction of the OH bond by
the matrix-induced frequency shifts of the OH, OD groups of 0.0004 A after I-1 complex formation. So, the structural and
methanol or water and the square root of the critical temperature,vibrational parameters obtained by a higher level of theory do
V/Te, of the matrix material there exists a linear correlation. not indicate univocally whether the 1-1 complex involves the
Later, Huisken et &® have demonstrated that matrix-induced improper hydrogen bond. For the complex I-2, the MP2/6-
frequency shifts of the HF monomers, hydrogen-bonded HF, 311+G(2df,2pd) calculations predict contraction of the OH bond
and HO aggregates also show a linear dependence/®g by 0.0001 A, which is accompanied by 10 chblue shift of
and they have described the nature of this simple empirical the OH stretching vibration. For comparison, for the classical
correlation. We found a similar correlation for the OH stretching hydrogen bond that is present in the §+-CH3;OH complex
frequency of tharans-HONO isomer and its complex with N I, the calculations predict a distinct elongation of the OH bond
trapped in various matrixé8 The analysis of the matrix-induced ~ (by 0.0032 A) accompanied by a distinct red shift of the OH
frequency shifts of the C¥DH, H,O, HF, HCI, HONO stretching vibration (by 49 cnd). An attachment of an argon
monomers and their complexes shows that matrix material atom to the I-1 complex in the I-1Arl or in the I-1—Ar2
induces larger perturbation of the HX €0, F, Cl) stretching positions leads to further elongation of the OH bond as
vibration for the monomer than for the complex. For example, compared to I-1 and a negligible red shift of the OH stretching
the HF stretch of the hydrogen fluoride monomer shows ca. frequency (by ca. 2 cm).

33.5 cn1! frequency shift when going from neon to argon It has been shown for a series of-@+--X complexed’ that
matrix, whereas the stretching vibrations of “free” and bonded formation of improper hydrogen bond is accompanied by an
HF molecules in (HR)dimer show, respectively, 18.4 and 15.4 increase of charge density values of the-K bond. The
cm! shifts from neon to argon. The larger sensitivity of the calculated topological parameters for the I-1, I-2 complexes,
OH stretch of the HONO monomer to the matrix material with  similarly as the calculated structural and vibrational parameters,
respect to the corresponding vibration of the HONO complex do not confirm the existence of improper hydrogen bond in the

with N is a reason the OH stretching frequency af-NHONO I-1, I-2 complexes. The analysis of tiér) and V2p(r) shows
is red shifted for the complex isolated in solid argon and blue that in complexes I-1, I-2 the charge density values of the OH
shifted for the complex isolated in solid xen#h. bond slightly decrease on complexation when compared to that

The»(OH) band position of the methanol monomer changes ©f the monomer (by 0.0001 au, Table 5). In fact, the calculated
from 3688.5 cm in neon to 3666.4 ¢ in argon. The effect ~ changes op(r) values after formation of the I-1, I-2 complexes
of neon on methanol is nearly zero as compared to thgOBH are within calculation error. However, one should note that an
vapor-phase frequency, so, the induced frequency shift in an2ttachment of an argon atom to I-1 results in a furth@)
argon matrix equals ca. 22.1 cfnln turn, thev(OH) stretching ~ decrease by 0.0003 au as compared to the@FHmonomer.
frequency of the CHOH-+-CF4 complex changes from 3680.0 A_fte_r formation of typical hydrogen-bonded complex II, a
cm-1in neon to 3671.7 crt in argon, the frequency shift from distinct decrease of the(r) value of the OH bond occurs (by
neon to argon equal to 8.3 cthbeing less than the OH stretch 0.0047 A, Table 5).
shift of the methanol monomer. As discussed earlier, the )
attachment of an argon atom to the I-1 complex in the-1-1 ~ C€onclusions

Arl position or attachment of an argon atom to I-3 shows a  The MP2(full)/6-311G(2df,2pd) calculations indicate that
negligible effect on the frequencies of the binary complexes. cf, forms with CHOH three stable 1:1 complexes, two
The frequencies are slightly more modified when an argon atom pyqrogen-bonded complexes I-1, I-2, and one weak van der
attaches to the I-1 complex in position +-Ar2; small red  \aals complex I-3. The hydrogen-bonded complexes involve
frequency shift (and not the blue one) of the OH stretching \yeak O-H-+-F hydrogen bonds that differ with the orientation
frequency with respect to the GBH monomer is calculated.  of CF, with respect to the C¥DH subunit. The interaction
The ternary complexes with one argon atom attached to theenergyAECP is equal to—0.59, —0.51, and—1.02 kcal mot?
binary CHOH---CF, ones do not model the environment of an - for the I-1, I-2, and 1-3 complexes, respectively. The structural,
argon matrix. However, the calculations predict negligible yiprational, and topological parameters calculated for I-1 and
perturbation of the OH stretching frequency of the I-3 complex |.2 do not support the formation of improper hydrogen bond in
by an argon atom, supporting our suggestion that the blue shiftthese complexes as suggested earlier on the basis of ab initio
of the OH stretching vibration in the complex isolated in argon cajculations at the lower level of theotyThe MP2(full)/6-

is due to the fact that the OH stretch of the I-3 Complex, which 311+G(2df’2pd) calculations performed for the gFH-.CHSOH

is trapped in the matrix, is less sensitive to the argon environ- jndicate formation of a stable hydrogen-bonded-tD--F

ment than the OH stretch of the @BH monomer. complex with an interaction energyECP equal to—3.54 kcal
Are the I-1 and I-2 Complexes Improper or Classic Hy- mol~t. The structural, vibrational, and topological properties

drogen-Bonded ComplexesThe MP2(full)/6-31H#G(2df,2pd) are characteristic for classic hydrogen bond.

calculations performed for GH:---CF, result in slightly The comparison of experimental frequencies of the-€F

different complex characteristics than those obtained earlier by CH;OH complex trapped in argon and neon matrixes to those
Alabugin et at* using the MP2(FC)/6-3£G* level of theory. predicted by calculations indicates that in matrixes the most
Some of the parameters obtained by the two levels of theory stable non-hydrogen-bonded complex is trapped. The red
are compared in Table 3. The higher level of theory predicts frequency shift of the OH stretching vibration of methanol in
interaction energy equal t6:0.59, —0.51 kcal mot? for I-1, neon matrix and blue frequency shift in argon matrix upon
I-2 complexes and-3.54 kcal mot? for complex I, which can complex formation is due to the larger sensitivity of the OH
be compared te-0.19 kcal mot? for I-1 reported by Alabugin stretch of the free methanol than that of bonded methanol to
et al. The MP2(full)/6-313G(2df,2pd) calculations result the matrix material. The identified frequencies of the Et+

in elongation of the @H bond by 0.0001 A, which is how-  CHsOH complex trapped in neon matrix show a good agreement
ever accompanied by a small blue shiftq cnrl) of the with the calculated ones for the complex.
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