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Matrix isolation infrared spectroscopy has been combined with MP246=d,p) and MP2/augcc-pVTZ
calculations to characterize the 1:1 hydrogen-bonded complexes bety@garid bases containing phosphorus

and sulfur as electron pair donor atoms. Most obvious from the spectra of the complexes HQHHORHH:

P(CHs)s, HOOH:SH, and HOOH:S(CH), and their deuterated analogues is the shift to lower frequency of

the hydrogen-bonded-€H or O—D stretching bands) relative to isolated kD, and D:O,. The experimental

shifts are in good agreement with the computed shifts. Shifted modes of bGhardd base subunits have

been observed, along with the band for the intermolecular librational mode of each complex. Comparisons
are made between the structures and spectral properties of these complexes and related complexes formed
between HO, and corresponding N and O bases.

Introduction Experimental Section

Hydrogen peroxide is a molecule that is of interest in a large Al of the experiments in this study were carried out on

and diverse number of fields, including atmospheric chemistry conventional matrix isolation equipmetttwith modification

and biochemistry=3 Until recently, gas-phase, solvent-free fOr the generation and deposition of,®b, as described
studies of HO, were technically difficult. However, the Previously® The temperature range for the vaporization o0
developmerttand use of the hydrogen peroxiderea complex in these experiments was-98 C PH; (Matheson) and b6:
(UHP) as a safe source of solvent-free gas-phag®,Hias D2S (Isotec) were introduced into the vacuum system from
allowed initial studiez® of the hydrogen-bonding capability lecture bottles, and purified by repeated freepamp—thaw

of H,O,. This is an important development, since solution cycles Iat 75 .K' P(l(Zl;')s,f.S(CHs)z, a?]ddS(Clﬁ)z (all A:d”Ch) ifold
studies are complicated by the role of the solvent, to the extentwe(;e P a.l]f.:ed tl)n a giass (ljn?er attache hto the s?mp € 7”?2' 0ld,
that hydrogen peroxide has not been well characterized in .?_E purified by repeated freezpump-thaw cycles at )
hydrogen-bonded complexes. Early theoretical stidibarac- eir room-temperature vapor pressure was employed to prepare
yarog . P ary . . . the sample concentration of interest. Argon was used without
terized transition states and intermediates in the reaction

chemistry of HO», but did not focus on hydrogen bonding. Mo further purification as the matrix gas in these experiments.

10 - All of the experiments were conducted in the twin jet mode,
et al® have reported calculations on hydrogen-bonded com- ;.\ hich samples of kD, and the base were each diluted in
plexes (HO,), and HO»:H0.

the matrix gas and deposited from separate deposition lines onto
The matrix isolation techniqé&*® was developed for the  the 14 K cold window. In the early experiments, a traditional
isolation, stabilization, and spectroscopic characterization of slow deposition rate of approximately 2 mmol/h from each
reactive intermediates, including hydrogen-bonded complexes.manifold for 22-24 h was used. Later experiments were
Recently, experimental studies were conducted in this laboratory conducted using a fast deposition of approximately 15 mmol/h
to characterize hydrogen-bonded complexes eOHwith from each manifold for 3 h. Spectral features were essentially
amine8 and dimethyl ethef.Ab initio calculations were also  identical with slow and fast deposition. However, higher quality
carried out to provide energetic and structural information about (less scattering) matrices were obtained with fast deposition.
these complexes. To further explore the ability ofCH to Spectra were then recorded on a Mattson Cygnus FTIR at 1
participate in hydrogen bonds, these joint experimental and cm™! resolution. The matrices were subsequently annealed to
theoretical studies have now been extended to the hydrogen-between 30 and 36 K and after re-cooling, additional spectra
bonded complexes of 4, with phosphorus and sulfur bases. were recorded.
The structural, energetic, and spectral properties of these
complexes will first be determined and discussed, and then Method of Calculation

compared to the corresponding complexes gith nitrogen The structures of the complexes HOOH:SHOOH:S(CH),,
and oxygen bases. HOOH:PH;, and HOOH:P(CH)s, and the corresponding mono-
mers HO,, SH,, S(CHg),, PHs, and P(CH)3; were optimized at
* Corresponding author. second-order MgallerPlesset perturbation theory (MP2)18
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with the 6-3H-G(d,p) basis sé22 Harmonic vibrational
frequencies were computed to establish that the optimized [
structures are equilibrium structures on the potential surfaces, J’
to evaluate zero-point vibrational energies, and to simulate 4 J
vibrational spectra. Computed MP2/6-B&(d,p) structures of LTS ]
|
|

144

1.2

hydrogen-bonded complexes are in reasonable agreement with;,
experimental structures. Moreover, MP2/6+33(d,p) is the
minimum level of theory that provides frequency shifts of the
hydrogen-bonded XH stretching band in agreement with
experimental shifts, provided that anharmonicity corrections in
the complexes are not unusually laf§e?®> The harmonic
vibrational spectra of the deuterated analogues of monomers
and complexes have also been computed.

For improved binding energies, single-point MP2/acgr
pVTZ calculations were carried out on the optimized monomers
and complexes. The valence triplet-split &og-pVTZ basis set
is the aug-cc-pVTZ basis 2 with diffuse functions on all atoms
except hydrogen. This basis set gives binding energies which
approach basis-set converged binding energies, without cor- ,
recting for basis-set superposition errét&or all calculations b
on monomers and complexes, electrons below the valence shell]
were frozen in the Hartreg=ock molecular orbitals. These
calculations were carried out using Gaussiaf @® the Cray
SV1 computer at the Ohio Supercomputer Center.

-
o
®

a 603 o

Experimental Results

Before co-deposition experiments were run, blank spectra of
trimethylphosphine (TMP), phosphine, dimethyl sulfide (DMS),
and d6-dimethyl sulfide (d6-DMS)were obtained in separate

. . . 750 700 650 600 550
experiments. The spectra agreed well with published*¢zfa Wavenumbers
and. spectra_prewously obtained in th.ls laboratory. Hydrqgen Figure 1. Infrared spectrum of a matrix prepared by passing argon
sulfide experiments were performed usingsthat was approxi- - oyer the solid HO,:urea complex, and co-depositing with a sample of

mately 50% deuterated. Thus, all of these experiments containedar/P(CHs); = 500/1 overlaid on a blank spectrum of Ar/P(Qk=
a mixture of HS, HDS, and BS. The spectrum of this mixture 500 and the spectrum of a matrix of Ar H,O.. Bands marked with
agreed with published da&faand spectra previously recorded an * are due to the 1:1 hydrogen-bonded complex.

in this laboratory.

H,0, + TMP. In an initial experiment argon swept over UHP
at 21°C was co-deposited with a sample of Ar/TMP500/1. 02s)
Several distinct product bands were noted, the most prominent
of which was a medium intensity, relatively broad band at 3215
cm™L. Four weak bands were observed at 1298, 721, 717, and ,,,
606 cnm!; selected spectral regions are shown in Figure 1. Upon
annealing this matrix to 36 K, all of the product bands grew in  °|
roughly the same proportions.

A total of 10 experiments were conducted in which the

020

005+

temperature of the UHP (concentration of®4) was varied ooo]

from 9 °C to 21°C and the Ar/TMP concentration was varied

from 250/1 to 1000/1. In all experiments the bands at 3215, 00 M i
721, 717, and 606 cm were present with intensities propor- |
tional to reactant concentrations. In all but the lowest concentra- ™ - - B e - = -

tion experiment, the very weak band at 1298 ¢nwas also Figure 2. Infrared spectrum of a matrix prepared by passing argon
observed. All matrices were annealed, and all bands grew atover the solid BO,:urea complex, and co-depositing with a sample of
the same rate. Ar/P(CHs); = 500/1 (top trace) compared to a blank spectrum of Ar/
D0, + TMP. Two experiments were conducted with d2- P(CH)s = 500/1 (middle trace) and a matrix of Ar D20, (bottom
UHP in which the temperature was 18 in one experiment trace). The band marked with an * is due to the 1:1 hydrogen-bonded
and 18°C in the other, with an Ar/TMP concentration of 500/1 complex.
in both. A product band with an intensity that depended on the prominent of which was an intense, relatively broad band at
concentration of BO, was seen at 2392 crf, as shown in 3444 cntl. In addition, three bands occurred at 2364, 1292,
Figure 2. In both experiments the intensity of this band grew and 465 cm'. Upon annealing this matrix to 36 K all of the
upon annealing the matrix, and no new product bands were product bands grew in roughly the same proportions, and one

formed. new band appeared at 3451 Tn
H.0, and PHs. In an initial experiment argon swept over A total of eight experiments were conducted in which the
UHP at 15°C was co-deposited with a sample of Ar/PH temperature of UHP (concentration os®b) varied from 9°C

500/1. Several distinct product bands were noted, the mostto 18 °C and the Ar/PH concentration varied from 250/1 to
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Figure 3. Infrared spectrum of a matrix prepared by passing argon
over the solid HOz:urea complex, and co-depositing with a sample of
Ar/S(CHjs), = 500/1 (top trace) compared to a blank spectrum of Ar/
S(CHs), = 500/1 (middle trace) and the spectrum of a matrix of+Ar
H,O, (bottom trace). Bands marked with an * are due to the 1:1
hydrogen-bonded complex.
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cm! observed in the first experiment was not present in any
other experiment, and was probably due to a contaminant. All
matrices were annealed, with results similar to the first experi-
ment.

H,0, + d6-DMS. Two experiments were performed with
peroxide and perdeuterated DMS. In an initial experiment argon
swept over UHP at 18C was co-deposited with a sample of
Ar/d6-DMS = 500/1. Several distinct product bands were noted,
the most prominent of which was an intense, broad band at 3311
cm~L. Three other bands occurred at 3335, 1286, and 553.cm
When the matrix was annealed to 36 K all product bands except
for the 3335 cm? band grew in roughly the same proportions.
The band at 3335 cm disappeared after annealing, and a new
band appeared at 751 cf In the second experiment UHP at
9 °C was co-deposited with Ar/d6-DMS 500/1. The same
product bands were observed, but they had proportionally lower
intensities compared to the first experiment. After annealing,
similar results were obtained, although the band at 751'cm
did have the same i:ntensity in both experiments.

D,O, + DMS. One experiment was run using:®, and
DMS. In addition to the bands from each reactant, two new
bands were observed. The more intense band occurred at 2458
cm~1, and the less intense band was found at 2475!cipon
annealing, the intensity of the band at 2458 ¢nmcreased and
the band at 2475 cnt disappeared.

H»,0, + H,S;D,S. In an initial experiment argon swept over
UHP at 15°C was co-deposited with a sample of Arg&D.S)
= 250/1. Several distinct product bands were noted, including
an intense, broad band at 3456 ¢nand two weaker bands at
1296 and 1290 cmi. Upon annealing this matrix all of the
product bands grew in roughly the same proportions.

A total of four other experiments were conducted in which
the temperature of the UHP (concentration @) was varied
from 12°C to 18°C and the Ar/(HS;D,S) concentration varied
from 250/1 to 1000/1. In these experiments bands at 3456, 1296,
and 1290 c:m! were present with intensities that depended
directly on reaction concentrations. In the experiment run at

1000/1. In all expel’iments, bands at 3444, 2364, 1292, and 465the h|ghest concentration (Ar/UHP at 18: Ar/(HZS'DZS) =
cm™* were present. The intensities of these bands dependedy50/1) a very weak, broad band at 466 émwas also observed.
directly on the reactant concentrations. When the matrices WereUpon annea"ng, the product bands grew smooth|y in proportion
annealed, all bands grew at the same rate. Two new bandso concentration, except for the band at 466 &mwhich grew

appeared at 3451 and 987 chwith intensities proportional
to the concentration of the reactants.

D,0, + PHz. One experiment was performed using@

to a lesser extent.

D,0; and H3S;D,S. A single experiment was conducted in
which argon swept over d2-UHP at & was co-deposited

and PH. In addition to the bands due to reactants, several new yjth a sample of Ar/(HS;D,S) = 250/1. Two distinct product
product bands were observed. These occurred at 2550, 2364pands were noted, a broad band of medium intensity at 2556

986, and 964 cmt, with the band at 2550 cm being the most

cm1, and a weaker band at 1016 ¢t

intense. Upon annealing, all product bands increased in intensity,

and no new product bands appeared.

H,0, + DMS. In an initial experiment argon swept over UHP
at 18°C was co-deposited with a sample of Ar/DMS250/1.

Results of ab Initio Calculations

The equilibrium structures of the complexes HOOH;PH

Several distinct product bands were noted, the most prominentHOOH:P(CH);, HOOH:SH, and HOOH:S(Ch),, have C;

of which was an intense, relatively broad band at 3312%m

symmetry. The MP2/6-3tG(d,p) intermolecular 6P and

In addition, four bands were observed at 3336, 1286, 981, andO—S distances, the hydrogen-bonded @ distances, and the
554 cnr?; selected spectral regions are shown in Figure 3. Upon H—0O—P and H-O—S angles which measure the extent to which

annealing this matrix to 36 K, all of the product bands grew in
roughly the same proportion except for the band at 3336'cm
which disappeared.

A total of eight experiments were conducted in which the
temperature of the UHP (concentration of®4) changed from
9 °C to 21°C and the Ar/DMS concentration changed from

the hydrogen bonds deviate from linearity are presented for the
equilibrium structures in Table 1. Table 1 also reports the MP2/
aud-cc-pVTZ electronic binding energies and binding enthalpies
for selected isotopomers.

The complex HOOH:Pkilis the most weakly bound complex,
with an electronic binding energy of3.9 kcal/mol, and a

250/1 to 1000/1. In all experiments bands at 3312, 3336, 1286, binding enthalpy of only-2.6 kcal/mol. This complex has the
and 554 cm? were present. The intensities of these bands varied longest intermolecular distance of 3.412 A. The hydrogen-
according to the concentration of the reactants. The band at 981bonded G-H distance is 0.977 A, which is only 0.007 A longer
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TABLE 1: Equilibrium Distances (A) and Angles (°), and
Binding Energies and Enthalpies (kcal/mol) for Complexes
of H,0, with PH3, P(CHa)s, SH,, and S(CHs), and Selected
Deuterated Analogues

complex R(O—X)2 R(O—H)> <H-O—-Xa¢ A, A°

HOOH:PH; 3.412 0.977 11 -39 —26
DOOD:PH, 2.7
HOOH:P(CH);  3.257 0.984 18  -7.3 —6.1
DOOD:P(CH)s -6.2
HOOH:SH; 3.324 0.976 21 44 —2.38
HOOH:SD, -3.1
DOOD:SH 2.9
DOOD:SD, -3.1
HOOH:S(CH),  3.262 0.981 16  -7.5 —6.3
HOOH:S(CR), 6.4
DOOD:S(CH), 6.4

aFor complexes with SHand S(CH),, X = S; for complexes with
PHs; and P(CH)s, X = P.» The O—H bond length in HO, is 0.970 A.
¢ <H-0O—X = 0° corresponds to a linear-€H...X hydrogen bond.

Figure 4. Structure of the HOOH:Sftomplex, computed at the MP2/
6-31+G(d,p) level of theory.

than the O-H distance in HO,. The hydrogen bond in this
complex is closest to linear, with an+D—P angle of 11.

The complex HOOH:Skhas an electronic binding energy
of —4.4 kcal/mol, which is 0.5 kcal/mol greater than HOOH:
PHs. However, the zero-point vibrational energy correction in

this complex leads to a binding enthalpy-62.8 kcal/mol, only

0.2 kcal/mol greater than the binding enthalpy of HOOH;PH
Similarly, DOOD:SH is 0.2 kcal/mol more stable than DOOD:
PHs. The intermolecular ©S distance is 3.324 A, almost 0.1

A shorter than the ©P distance in HOOH:P# The hydrogen-
bonded G-H distance in HOOH:SHis 0.976 A, similar to the

O—H distance in HOOH:PE The hydrogen bond deviates from

linearity by 2T in HOOH:SH. Figure 4 illustrates the equi-
librium structure of HOOH: Skl

Substitution of CH groups for H leads to complexes HOOH:

S(CHs), and HOOH:P(CH)3 which have significantly increased

Goebel et al.

TABLE 2: Band Positions and Assignments for the 1:1
Complexes of HO, with P(CH3); and PH;

complex v(expt) Awv(expt) Av(calc) assignment
H,0,:PH; 3444 cm! —-146  —137 wvs, O—H stretch
2364 +19 +36  PH antisym. stretch
1292 +22 +25 v, O—0O—H bend
465 567 w, libration
D,0;:PH; 2550 —-94 —97 v, O—D stretch
2364 +19 +36  PH antisym. stretch
964 +13 +18 v, O—0O-D bend
H.O:P(CHs); 3215cm! —375 —285 v, O—H stretch
1298 +28 +26 v, O—O—H bend
717,721 +13 +11  PGantisym. stretch
606 632 w, libration
D,0,:P(CH); 2392 —252 —204 vs, O—D stretch

a2 The absolute value of the frequency.

TABLE 3: Band Positions and Assignments for the 1:1
Complexes of HO, with S(CH3), and H,S

complex v(expt) Awv(expt) Aw(calc) assignment
H,02S(CHs), 3312cmt  —278 —224  vs, O—H stretch
1286 +16 +15 v, O—O—H bend
554 57% v, libration
D20,:S(CHs), 2458 —186 —159 v, O—D stretch
H.02:S(CDs),; 3311 —279 —224  vs, O—H stretch
1286 +16 +15 ¥p, O—O—H bend
553 578 v, libration
H,02:H,S/D,S 3456 —-134 —117 v, O—H stretch
1291 +21 +20 vy, O—O—H bend
466 538 v, libration
D,0,:H,S/D,S 2556 —88 —83 v, O—D stretch

a2 The absolute value of the frequency.

are typical in that one band occurs in the low 3000 &negion
of the spectrum, one or more bands are found ne#,br
base absorptions, and one new low-energy band (the band at
606 cnT! in H,0,:TMP) appears that is not near ®} or
base absorption. Such bands were observed in all experiments
with a given pair of reactants, regardless of reactant concentra-
tion, except that the lowest energy band was not observed in
the more dilute experiments. Moreover, the intensities of these
bands did not change abruptly upon annealing, but increased
smoothly in approximately the same intensity ratios. These
observations suggest that a single product was formed upon
initial deposition.

With the exception of the band in the 3000 chregion and
the lowest energy band, all other bands lie near bands observed
for either HO, or the base. This suggests that a weakly bound

binding energies, shorter intermolecular distances, and |°ngercomplex is formed in which the two monomers are perturbed

hydrogen-bonded ©H distances than HOOH:Rtand HOOH:
SH,. HOOH:P(CH)3; and HOOH:S(CH), have binding energies

of —7.3 and—7.5 kcal/mol, respectively. Corresponding iso-

but maintain their structural integrity. This observation is
consistent with the results of previous investigatidnef
hydrogen-bonded complexes containing TMP with other proton

topomers with phosphorus as the base are 0.2 kcal/mol lessjgnors.

stable than those with sulfur as the base. The intermolecular

O—P and O-S distances in HOOH:P(G) and HOOH:

S(CHg); are similar at 3.257 and 3.262 A, as are the hydrogen-

The highest energy band in each system (at 3215'dm
the HO2: TMP system) is not near any reactant band, but is
several hundred wavenumbers to the red of theH3stretches

bonded O-H distances of 0.984 and 0.981 A, respectively. The in H,O,. A strongly red-shifted ©H stretch of HO, is

hydrogen bond deviates from linearity by°l&nd 18 in these
two complexes, respectively.

Discussion

Product Identification. Twin-jet co-deposition of samples

consistent with, and supports formation of a hydrogen-bonded
complex between D, and each bas® with H,O, serving as

the proton donor. This is also consistent with earlier stidies
of hydrogen-bonded complexes 0f®% with second-row bases,
and with studie¥-*%in which third-row bases were involved in

of Ar/H,O, with each of the third-row bases employed in this hydrogen bond formation.
study led to new product bands throughout the spectrum. Band The experimental data strongly suggest that the single product
positions for all pairs of reactants are given in Tables 2 and 3. formed in each experiment is a 1:1 hydrogen-bonded complex

The product bands are typified by the bands in th©#TMP
system at 3215, 1298, 721, 717, and 606 &nThese bands

of H,O, with a sulfur or phosphorus base. The fact that the
product bands are observed at quite low concentrations argues
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TABLE 4: Selected Equilibrium Distances Re, A) and Angles (<,°), Binding Energies AE, kcal/mol), and Frequency Shifts of
the O—H Stretching Band (Av, cm™1) for Corresponding Complexes of HO, with N, O, P, and S Bases

complex R(O—X, O—H)?2 <H—O—Xab AE. (Avs, calc) (Avs, expt)
HOOH:NH;® 2.810, 0.990 8 -9.0 —400 —385
HOOH:PH; 3.412,0.977 11 -39 —137 —146
HOOH:N(CH)s® 2.727,1.004 0 —-11.3 —683 —781
HOOH:P(CH)3 3.257,0.984 18 -7.3 -285 —375
HOOH:OH, 2.789,0.979 21 —-7.2 —158 —130
HOOH:SH 3.324,0.976 21 —4.4 —117 —134
HOOH:O(CH)* 2.737,0.985 8 —8.4 —239 —234
HOOH:S(CH), 3.262,0.981 16 7.5 —224 —278

a X is the hydrogen-bonded N, P, O, or S atom of the basad—0—X = 0° corresponds to a linear hydrogen bond. A positive value of this
angle indicates that the hydrogen-bonded proton lies on the opposite side of the intermoleeXilin®relative to the second oxygen of HOOH:
N(CHs)s. See Figure 4¢ Data taken from ref 5¢ Data taken from ref 6.

against the single product being a higher complex with 2:1 or  In each experiment involving #,, a band was observed
1:2 H,Oz:base stoichiometry. Further, it would be difficult to  between 1290 and 1300 cfa This band is unambiguously
envision formation of a higher complex without initial formation assigned to the #D, moiety, since it shifted upon O,

of the 1:1 complex, yet only a single product was observed in substitution, but did not shift upon deuteration of the base. A
all experiments. This conclusion is also strongly supported by second spectral signature of hydrogen bonding is a blue shift
the MP2/6-3%#G(d,p) calculations, which demonstrate that the of the band corresponding to a bending mode of the proton-
corresponding 1:1 pD,:base hydrogen-bonded complexes are donor specied’ For H,O,, this band is observed at 1270 th
stable. Further, the computed MP2/643%(d,p) spectral data  Blue shifts of 22, 28, and 16 crhwere found in the complexes
are in very good agreement with the experimental, as will be of H,O, with PHz, P(CH)3, and SH, respectively. These shifts
shown below.Therefore, both experiment and theory support are consistent with shifts obserfeéfor other hydrogen-bonded
the formation of 1:1 HO,:base hydrogen-bonded complexes complexes containing®,, and are in excellent agreement with

in the experiments performed in this study. the calculated MP2/6-32G(d,p) blue shifts of 25, 26, and 15
It should be noted that a previous matrix study gfoHco- cm™1, respectively.
deposited with HS reporteé® the formation of two different Except for the HO,:H,S system for which the product yield

1:1 hydrogen-bonded complexes, one witfOHas the proton was very low, additional absorptions were observed in each
donor, the other with k8 as the donor. However, no evidence spectrum near bands associated with the base. These are typified
of the existence of a secondh®:H,S complex was found in by the two bands at 721 and 717 chfor H,O2: TMP, and the

the present study. Such a complex should have a clearly shiftedband at 2364 cm' for H,O.:PHs. In a hydrogen-bonded

and intensified SH stretching band, but such a band was not complex, the base subunit is weakly perturbed, and slightly

observed. Moreover, a search of the MP2/6-&(d,p) H:O,: shifted base vibrational bands are often observed. Their proxim-

H,S potential energy surface did not find a second equilibrium ity to the parent bands makes assignments straightforward. The

structure. computed shifts of these bands and their assignments are
reported in Tables 2 and 3.

Band Assignments The lowest energy product band for each system remains to

be assigned. This band was observed for th@itomplexes

with PHs, TMP, H,S, and DMS at 465, 606, 466, and 554 ¢m
respectively. Neither kD, nor any base has vibrational modes
near these bands, so assignment to a perturbed mode of either
monomer isnot appropriate. However, the formation of a 1:1
complex between two nonlinear molecules results in the loss
of 3 translational and 3 rotational degrees of freedom, and the
creation of 6 new intermolecular vibrational modes which
typically lie at very low frequencies. One of these modes, the
libration mode, has been observed in the spectral region between
500 and 1000 cmt in a number of hydrogen-bonded com-
plexes>38:3941.421n general, the more strongly bound the
complex, the higher the frequency of the librational mode. The
computed MP2/6-3tG(d,p) frequencies for the libration mode
are also reported in Tables 2 and 3, and are in excellent
agreement with the experimental frequencies. Thus, these low-
frequency bands are assigned to the librational mode in each
complex.

As noted above, the spectrum of each reactant pair exhibits
an intense, relatively broad absorption band several hundred
wavenumbers to the red of the-® stretches of KHO,. The
exact position of this band varied with the base, from 3456'cm
with HyS to 3215 cm?® with TMP. This band also shifted
significantly to lower energy when J®, was substituted for
H>O,, as evident from Tables 2 and 3. Thg/vp shift ratios
range from 1.34 to 1.35 in the different complexes. Thus, the
anharmonicity of the ©H stretching mode in the complexes
arises primarily in the BD, monomer, where/y/vp is 1.36.
This band did not shift when the base subunit was deuterated
(D2S and @-DMS), again indicating that it is associated with a
vibrational mode of HO,. These spectral characteristics are
exactly those of a hydrogen-bonded-M stretch in an X-H—Y
hydrogen bond. Thus, these shifted bands are assigned to th
O—H (or O—D) stretch in the 1:1 hydrogen-bonded complexes.
It should be noted that since the$lexperiments contained a
mixture of S, HDS, and BS, the band at 3456 cthis a
superposition of ©@H stretching bands in HOOH:SHHOOH: . . .

SD,, and HOOH:SHD. Previous studiésand the ¢ DMS data,  §orba150nS With Complexes of HO, with O and N

. ases
above, have shown that deuteration of the proton acceptor has
little effect on the G-H stretching band. Moreover, as can be Table 4 presents equilibrium intermolecular-® (X = N,
seen from Tables 2 and 3, the computed MP2/6-3{d,p) band P, O, S) and hydrogen-bonded—@® distances, the angle
shifts for the G-H and O-D stretches are in quite good between the ©H bond and the hydrogen-bonding-&X axis,
agreement with the experimental shifts, again supporting this MP2/aug-cc-pVTZ binding energies, and computed and ex-
assignment. perimental frequency shifts of the proton-stretching band in
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complexes HOH:NKE HOOH:PH;, HOOH:N(CHs)3, HOOH: (10) Mo, O.; Yanez, M.; Rozas, |.; Elguero, J. Chem. Phys1994
P(CH)s, HOH:OH,, HOOH:SH, HOOH:O(CH),, and HOOH: 18842;317342@ O.; Yanez, M.; Rozas, |.; Elguero,Chem. Phys. Lett
S(CH3)2' From these data it is apparent that complexesaiH (11) C,rad(;ck, S.; Hinchcliffe, AViatrix Isolatior; Cambridge University
with second-row 1f = 2) bases are more stable that the press: Cambridge, 1975.

corresponding complexes with third-row € 3) bases. Thus, (12) Whittle, E.; Dows, D. A.; Pimentel, G. G. Chem. Phys1954
HOOH:NH; is 5.1 kcal/mol more stable than HOOH:Rtand 22,1943. _ _ _
HOOH:OH, is 2.8 kcal/mol more stable than HOOH:SH (13) Chemistry and Physics of Matrix Isolated Speriéadrews, L.,

Methvl bstituti f iall bil | ith Moskovitz, M., Eds.; Elsevier Science Publishers: Amsterdam, 1989.
ethyl substitution preferentially stabilizes complexes wit (14) Ault, B. S.J. Am. Chem. S0d978 100, 2426.

third-row bases, with the result that the energy difference  (15) gartlett, R. J.; Silver, D. MJ. Chem. Phys1975 62, 3258.
between corresponding complexes decreases. HOOH:{{CH (16) Bartlett, R. J.; Purvis, G. Dnt. J. Quantum Chen197§ 14, 561.

is still 4.0 kcal/mol more stable than HOOH:P(gk but (17) Pople, J. A.; Binkley, J. S.; Seeger, Rt. J. Quantum Chem.
HOOH:O(CH), is only 0.9 kcal/mol more stable than HOOH: ~ Quantum Chem. Symp976 10, 1.
S(CHy)s. (18) Krishnan, R.; Pople, J. Ant. J. Quantum Chenl978 14, 91.

Although frequency shifts may correlate with binding energies zzélﬁ) Hehre, W. J.; Ditchfield, R.; Pople, J. & Chem. Physl972 56,

in a closely related series of complexgs, such a correlation is  (20) Hariharan, P. C.; Pople, J. Aheor. Chim. Actal973 28, 213.
generally not observed. Frequency shifts are dependent on the (21) Spitznagel, G. W.; Clark, T.; Chandrasekhar, J.; Schleyer, P. v. R
structures of hydrogen-bonded complexes, including th¢4X  J. Comput. Chen982 3, 363. _
distances in an XH—Y hydrogen bond, the extent to which (22) Clark, T.; Chandrasekhar, J.; Spitznagel, G. W.; Schleyer, P. v. R
the hydrogen bond deviates from linearity, and variations in J. Comput. Chenl983 4, 294.

yarog Y . ” (23) Del Bene, J. E.; Person, W. B.; SzczepaniakJKPhys Chem
hydrogen bond type_. Moreover, frequency shifts are det_ermlned 1995 99, 10705.
by the nature of the intermolecular potential surface, which may  (24) Del Bene, J. E.; Shavitt, I. IMolecular Interactions: Fromvan
introduce larger anharmonicity corrections in either the ground de:j Vs\/aals_ tgh_StLCmg'y %Oléndlgg;hplexfary?gmer, S., Ed.; John Wiley
or first-excited state of the XH stretching mode relative to ~ and Sons: Chichester, UK., » PP LS. .
h d h fth di . hich th (25) Del Bene, J. E. Hydrogen BondinIn The Encyclopedia of
the monomer, and on the nature of the medium in which the computational ChemistrySchleyer, P. v. R., Allinger, N. L., Clark, T.,
experimental measurements are m&dé? Nevertheless, among ~ Gasteiger, J., Kollman, P. A., Schaefer, H. F. Ill., Scheiner, P. R., Eds.;
the eight complexes with 3D, as the proton donor, the largest John Wiley and Sons: Chichester, U.K., 1998; Vol. 2, pp 126371.
computed and experimental shifts of the hydrogen-bondeti O (gs) E””S'T?'RT' AH_"DJ” : _Che;"'HPhB‘Sl_?_'SQ 90, 1023'3 Chem. Ph
stretching band are found for HOOH:N(G}l The computed 1952 %6 3253’ - A bunning, 1. 1., Jr,; harnson, R.2.Lhem. Fhys
frequency shift for this complex is 300 crhgreater than the (28) Woon, D. E.; Dunning, T. H., Jd. Chem. Phys1993 98, 1358.
computed shift for any other complex, while the experimental  (29) Dunning, T. H., drJ. Phys. Chem. 200Q 104, 9062.
shift is 400 cnT! greater. This complex has the largest binding ~ (30) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,

energy, the longest hydrogen-bonded-I distance, and a ~ M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
hydrogen bond which is linear. In general, as the hydrogen- gt'.raém?‘nkRNFT"SE;{nan,\t,’l JC.Cga?fgsprgh’%ﬁgs"ilaﬂéér'\(fh’eDsn."aclz’sg'
bonded G-H distance increases, the frequency of theHD M.; Cammi, R.. Mennucci, B.; Pomelli, C.; Adamo, C.: Clifford, S.;
stretching band tends to decrease. Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
Finally, it should be noted that the most commonly used g RGP1EE T B RagRranter Ko B, B e ekors.
measure of basicity, namely gas-phase proton affinities, do notp.; Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-

correlate with binding energies or frequency shifts. For example, Laham, M. A.; Peng, C. Y.; Nanayakkara, A.; Gonzalez, M.; Challacombe,
the proton affinities of N(Ck)s and P(CH); are very similar M- Gill. P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.;

. i Gonzalez, C.; Head-Gordon, M.; Replogle, E. S.; Pople, JGAussi
at 225 and 227 kcal/mol, respectivéfy.Yet, the binding ggnégfjsian, mﬁi‘ Pit?srbl?rngh, PA’elggg.e opie ssian

energies of the complexes HOOH:N(g)kland HOOH:P(Ch)s (31) Bougquet, G.; Bigorne, MSpectrochim. Actd967, 23A 1169.
are quite different at-11.3 and—7.3 kcal/mol, respectively, (32) Wagstaff, F. J.; Thompson, K. Wrans. Faraday. Soc 962 18,
and the computed and experimental shifts of theHstretching 977. _ )

band are 400 cri greater for HOOH:N(Ch)s. (33) McConaghie, V. M.; Nielsen, H. H. Chem. Physl953 21, 1836.

(34) Allkins, J. R.; Hendra, P. Bpectrochim. Actd966 22, 2075.

. . . . (35) Geiseler, G.; Hanschmann, &.Mol. Struct.1972 11, 283.
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