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Ammonia and hydrogen chloride vapors from thermal decomposition ofONEo-deposited with excess

neon at 45 K formed the HN—HCI complex. Strong, broad 2084 cthand strong, sharp 1060.2 ci
absorptions are assigned to the-@ll stretching and symmetric Nbbending modes and weaker 2017.4 and
708.9 cnt bands to the overtone of the Nichode and the HCl librational fundamental of the 1:1 complex.
Complementary experiments were done with neon/argon mixtures, argon, and krypton to investigate the 1:1
complex in a range of matrix environments. Vibrational assignments are supportedHyZI|, ND4Cl, and

5ND,Cl isotopic substitution. The neon matrix spectrum suggests a strong hydrogen bond, slightly stronger
than in the gas-phase complex, but not as strong as found in the argon and krypton matrix hosts owing to
increased solvation by the more polarizable matrix atoms.

Introduction chloride complex to be established in the gas pRaskne

complex can be described as the simple hydrogen-bonded type,

The.hydrogen-bonded compllexes formed between am.moniawithout the need to invoke an appreciable extent of proton
or amines and hydrogen halides have been the subject of

iderable intereatA " f chemical sionifi transfer. This result agrees with several recent ab initio
considerable ntere question or chemical SIgniicance . |ations, which indicate a simple molecular hydrogen-
concerns the nature of these complexes in the gas phasebonoleol complex with no significant proton transferi4
Theoretical and experimental studies have been performed O owever. in clusters with two or more water molecifesnd
decide Whether th_e complexes are better_descrlbed as hydrogenén crystalline icé® NHs and HCI form the ion pair Ni+CI-.
bonded c_ilmers orion-pairs and to determine the extent of proton Recent DFT calculations show that the complex dimer sustains
transfer in the .partlcular comple?<. _ proton transfer to give a four-ion (Nf)2(Cl™), cluster!’

The ammoniahydrogen chloride complex holds a special

A . L ) The extent of proton transfer in the ammonlteydrogen
position in these investigations as the archetypical model for -y oride complex isolated in solid argon and nitrogen and

the study of hydrogen bonding. Early theoretical calculafions ggtimated from the vibrational spectra is larger than that inferred
stimulated the experimental attempts to characterize the cOM-t.o 1 the rotational spectroscopic dag Very recent MP2
plex. The HN—HCI complex was first detected by high- 50 ationd®20have included anharmonicity in the;N—HCI
temperature mass spectrométgnd by gas-phase electron ,iential and matrix effects to account for the low-l
diffraction* However, attempts to obtain mfrargd spectra from stretching frequency observed in matrix infrared experiments.
metastable gas-phase mixtures of ammonia and hydrogengjnce there is a valid question about environmental perturbations
chloride were unsuccessful because of nucleation of ammoniumg, atrix effects on the ¥N—HCI complex trapped in solid
chloride crystals. Infrared spectra were recorded for the first 5401 and nitrogen, it is desirable to obtain the spectrum in the
time for the complex isolated in a nitrogen matrix and interpreted 1,qre inert neon matrix to more closely approach gas-phase
in terms of a proton-shared hydrogen bond in which the cqnqitions. For the similar #N—HF complex, the neon matrix

hydrogen atom of HCl is shared by the chlorine and nitrogen | _r mode (3106 cmi) falls intermediate between gas-phase
atoms? The infrared matrix-isolation studies of the complex (3215 cnt?) and argon matrix (3041 cm) values?-23 We

isolated in solid argon demonstrated a large difference bet""ee”report here the infrared spectrum of theN+-HCI complex
the spectra of the complex in argon and nitrogen matrices. jso|ated in solid neon, neon/argon, and krypton, which shows
Similar differences were also found for the amifflydrogen  {he effect of the heavier matrix hosts on the vibrational

chloride? hydrogen bromldéand hydrogen iodidé complexes characteristics of the complex. A preliminary communication
isolated in argon and nitrogen matrices. These studies demon-q the neon matrix spectrum has appeafed.

strated the importance of the environment, the more strongly
interacting nitrogen matrix increasing the extent of proton Experimental and Computational Section
transfer from the hydrogen halide to the amine as compared
with the complex isolated in an argon matrix.

The development of rotational spectroscopy for supersonically
expanded jets allowed the structure of the ammehigrogen

Ammonia and hydrogen chloride vapors from thermal
decomposition of solid NECI were co-deposited with excess
neon at 3 mmol/h onto a+45 K (Heliplex APD Cryogenics)
Csl window for two or three 30 min periods, and infrared spectra
* Author for correspondence. were r.ecorded on a Nicolet 750 instrument at 0.5 &m
T University of Virginia. resolution. The solid NECI (EM Science, GR) was thoroughly
* University of Wroclaw. degassed and heafééxternally to 76-90 °C in a Teflon bore
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Figure 1. Infrared spectra in the 3086700 cnt? region for ammonia and hydrogen chloride vapors trapped in solid neonmk4 (a) After 30
min deposition, (b) after 60 min, (c) after 90 min, and (d) after annealing to 8 K.

iyt TABLE 1: Infrared Absorptions (cm ~1) from Co-deposition
right-angle valve (Ace Glass, 3 mm) controlled sample tube of Ammonia and Hydrogen Chloride Vapor with Excess

with 11 cm sidearm through a vacuum fitting to a point 2 M Njeon at 4-5 K
from the cold surface. The Nftoncentration in the neon matrix " s P
is estimated to be about 0.1% from published spéétra. NH.Cl ™NH.CI ND.CI ND.CI identification
Deuterated samples were prepared by exchangingONwith 3453.6 34446 2568.9 2557.8 Ny

D,O in the sample tube and evaporating residuaD Dat 3412.6 3404.4  2541.0 (NB2, “vg"
40—-50°C, which serves to exchange deuterate the sidearm andgggg'g ggﬁ'g gﬁg'; ?P\ﬁluw,
allow for the delivery of relatively pure DCI and NDnto the 3108 3104 ' (NH)(CI),
matrix. Solid1°NH4CI (98% 1°N, Aldrich) was used directly,  2899.4 2899.4 209707 2097.7 HCI, R(0)
and®ND,Cl was also prepared by exchange with(D 2883.4 28834 2088.4 2088.4 —XCl
Density functional theory (DFT) calculatiofisvere used to ~ 2871.2  2871.7 20789 2078.9 HCl, induced Q
predict frequencies for theqN—HCI and HEN—HF complexes. 3839'1 2839.1 20545 2054.5 (HCh
. . 801.3 2801.3 20280 2028.0 (HCIy
The B3LYP and BPW91 functionals and 6-31&** basis sets 2766.7 2766.7 2003.0 2003.0 (HC|)
were employed® 30 All geometrical parameters were fully  2687.7 2687.7 1951.5,1948.7 1951.5, 1948.20HHCI
optimized, and harmonic vibrational frequencies were computed 2084 2079 1600 1595 MN—HCI
analytically at the optimized structures. 2017.4  2008.4 1595 1583 sN—HCI
1771.1  1765.2 (NE)(CI7)y
Results 1644.7 1641.4 1199.9 1196.3 NHr
14458 1440.2 1102 (NH)(CI7)y
Neon. Infrared spectra are shown in Figure 1 for three 30 1418.0 1412.0 (NE(CI7)y
min deposition periods and a subsequent annealing to 8 K. Thel230 1223 996 (Ng)(HCI)

. 1086.1 1081.7 847.2 (NY{HCI),
spectra of NH, (NHs),, HCI, (HCI),, and (HCI} agree with 10602 10548 8245 8171 N—HCI
previous report33132note that the monomer HCl and NH 10316 10265 802.3 796.1 NHH.0
species dominate in each spectral region, but the population 0f1019.4 1014.7 793.1 786.3 (NH
dimer species increases with sample thickness. The dominance 994.0  989.4  779.6 773.1 (NM
of HCI monomer is even more striking when the substantially 968.2 ~ 964.1 ~ 767.4 760.9 NH2
increased infrared intensity of (HGl)is considered. The 383; ?gg'g ggg? ;ggi ﬁthﬁcs;lfe
strongest new features are a sharp band at 1060:2 and a 698.3 6983 5191 ' iN_HC|

g(r)cglza?ddfban; z?)tSZé)Si%CTﬁ; Tadrp yvr?aker b?nds agle fo:J.nd at a Different site stronger than in ref 31 Listed bands are #Cl; the

-4 and 708.9 cm (marked with arows). Table 1lists —Ue " 570t components are 2094.7, 2075.9, 2051.6, and 2026.2

all of the observed bands; no product absorption was observedgm_l respectively.

in the 4406-4000 cnT?! region. The above band sets exhibit '

constant relative intensities during deposition in different annealing, while bands at 1082, 1223, 1412,1440, and 3104

experiments and decrease in concert on annealing to 8 and 1@m™? increased.

K, while absorptions at 1086, 1230, 1418, 1446, and 3108'cm Several investigations were done with MI), and the best

increase. Annealing also decreases the HCI angldtidorptions spectrum is shown at the top of Figure 2. The spectra of DCI

in favor of their dimers and trimers; note that more association species are in excellent agreement with previous experiments,

is found for the smaller HCI reagent. and the spectrum of N&In neon is appropriate by comparison
Experiments were also done wittNH,Cl vapor co-deposited  to the spectra of NBPin argon and NHin neon3! The broad,

with excess neon, and the new bands (Figure 2c¢) appeared ahew band centered at approximately 1600 €axhibits a Fermi

2079, 2008.4, 1054.8, and 708.9 thand decreased on final resonance (FR) windo at 1595 cnil, the strong, sharp
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0.30] FR window was replaced by a side peak at 2007 rand the
strong band shifted to 1055.4 ciwith much the same
0251 1| wo appearance as Figure 4a. Stepwise annealing to 10 K shifted
DCl ) the broad band below the sideband to about 19301cm
(I(DCIC)IZ) o (f) decreased the sideband intensity, and blue-shifted the strong
DCl); 2 band to 1059.1 cmt. For ND4«Cl, the broad band shifted to
—*—”R*L“ WJ’\” 1570 cnt?, clearly below the FR window at 1596 cth and
05 1ha NH, the strong band to 825.1 ¢t stepwise annealing to 10 K

(HCD), shifted the broad band to 1540 chand blue-shifted the strong
0.104 (HCY), w N I band to 826.5 cm'.

Argon. Several experiments were done with 100% argon.

0.20]

Absorbance

0.05 "NH;, "*NH; First, deposition at 45 K gave only the 2887.7, 2871.0 cfn
i L HCI monomer, 974.7 cmt NH3 monomer, and sharp 1070.0
1 . .
0.00,M J\waw - cm! absorptions, but annealing to 30 K produced the same
3000 2500 2000 1500 1000 bands with half the absorbance as the 90%+-At0% Ne sample

Wavenumbers (cm-1)

. . ) ) along with weak HCI and NE dimer and trimer absorp-
Figure 2. Infrared spectra in the 308600 cnt? region for ammonia o 21,31,35 : .
and hydrogen chloride vapors trapped in solid neon-ab K. (a) tions: Second, argon was co-deposited at®BK with

ND.CI, (b) NH,CI, and (c)*NH,CI. NH,4CI vapor, and the major product features were observed at
3429.9, 1370.9, 1290.3, 1070.0, and 733.8 Emnnealing in
absorption shifted to 824.5 crh and the low-frequency peak @ similar experiment with>NH4Cl shifted the bands to 3421.7,
shifted to 526.1 cmt. Annealing decreased these features in 1364.3, 1290.1, and 1064.4 ciand left the 733.8 cnt band
favor of bands at 847.2, 996, and 1101.8 émExperiments ~ unchanged. Our NEZI sample produced new bands at 2553.6,
with 1ND,CI provided further isotopic shifts: the broad band 1114.3, 991.8, 831.4, and 544 chwithout the complication
and Fermi resonance window shifted to 1595 and 1583cm  ©f NHD2 contamination, and®ND,CI shifted these bands as
respectively, as illustrated in Figure 3, where the water bands listed in Table 2. Figure 5 compares selected argon matrix
serve as an internal calibration, and the 824.5%absorption spectra.
decreased to 817.1 crh but the 526.1 cm! band did not Krypton. Experiments were done using krypton with 10%
change. Finally, one experiment was done with almost as muchneon added and each ammonium chloride isotopic modification.
15NH,Cl added to thé*ND,Cl sample, and the resulting spectra This host condensed more transparently 64 than pure
contained about twice as much D as H species absorption. Inkrypton, and annealing stepwise to 22, 30, and 40 K allowed
addition to the quartet 3fNH,Dz—, symmetric bending modes the neon to escape and provided channels for more growth on
from exchange of5NH;z; and 15NDjs in the system (including  annealing of the product features at 1388.5, 1281.3, 1272.4,
15NH,D at 901.0 cm® and!SNHD; at 834.4 cml), we observed ~ 1218.6, 1071.8, and 736.9 ctaFigure 6 illustrates the resulting
a quartet of product bands at 1054.2, 954.8, 896.0, and 817.1krypton matrix spectra. Note the slight{8 cn1) changes in
cmt with splittings of 0.6-1.3 cnT! owing to both HCI and the positions of the 1281.3, 1218.6, and 1071.9 tbands on
DCI in the reaction mixture. A broad band with center near annealing as the neon evaporates. Further annealing to 50 K
1595 cm! and weak FR window at 1581 crhand another reduced the above product absorptions by 60% but did not
broad band with center near 2040 thwere also observed. change the frequency positions. An experiment with pure Kr

Neon/Argon. A series of experiments was done with ©on a 9-10 K substrate gave the same product yield and
NH,CI, adding argon to the neon matrix gas using between 1% frequencies as annealing the Kr 10% Ne sample to 40 K.
and 99% argon. With 1% Ar, the major absorptions are 2076 Even on annealing to 50 K, the pure Kr sample gave no product
and 1060.2 cmt, and annealing to 6, 8, and 10 K shifts these growth. The NH,CI, ND4CI, and *ND4CI spectra after
peaks to 2061 and 1060.4 ci With 5% Ar, the major annealing to 38 K are also shown in Figure 6, and the isotopic
absorptions are 2045 crh with a FR window at 2025 cri, absorptions after annealing are listed in Table 3.
and 1060.7 cmt, and annealing to 8, 10, and 12 K shifts these  Nitrogen. Five nitrogen matrix experiments were performed
peaks to 2015, 1970, 1935 cfand 1063.0, 1065.8, 1067.3  with ammonium chloride vapor to obtain neé\iN shift data,
cm 1, respectively. Also, the broad, upper band is tuned through and the absorptions are listed in Table 4. The precursor bands
the Fermi resonance window, and broad bands appear at 142Ggree with previous reporf§3135the 5 K nitrogen matrix
and 1300 cm?, as shown in Figure 4. With 10% Ar, the first  trapped most of the precursor as N&ahd HCI monomers as
30 min deposition yielded both 1061 and 1069 énpeaks; much weaker (NK), and (HCI} bands were observed. Spectra
after 60 min, the 1069.3 cm peak dominated, and weak 2026 from 14NH,C| experiments revealed bands near 3419, 1440,
cm~! window and broad bands at 1920, 1385, and 1295%cm 1250, 702, and 628 cr, in agreement with the early resufis,
appeared; the broad 1920 chabsorption was accompanied  but our bands are sharper using lower concentrations. Figure 7
by a weak band at 2015 cth With 25% Ar, the major illustrates spectra for the most informative experiment using
absorptions are 1910, 1372, 1293, and 1070%nhe weak I5NH,CIl: annealing to 25 K sharpens the 3411.4, 1438.4,
708.9 cmi! band in neon is not observed with added argon, 12455, 700, and 625 crhabsorptions with slight growth, but
but the 734 cm?! counterpart appears with 80% argon. With  (NH3),, (HCI),, 1408.2, 1100.9, and 745.4 cfnbands clearly
80% Ar, we observed 1371, 1290, 1070, and 734 thands increase, and weak, broad 3135 and 3051 ‘cimands are
that grow five times on annealing to 30 K (Figure 4), and then observed. Further annealing to 32 and 36 K produced substantial
decrease on further annealing. The latter bands were alsogrowth in 3135.4, 3051.6, and 1398.7 thbands, while the
recorded using 90, 95, 98, and 100% Ar matrix samples and 745.4 cn! band remained, and the 3411.4, 1438.4, 1245.5, 700,
agree with bands observed earlier in solid argéh. and 625 cm? bands decreased. Final annealing to 38 K removed

Isotopic investigations were also done with 5% argon in neon most of the matrix gas, reduced the latter five bands more than
hosts. FOr>SNH,CI, the broad band shifted to 2040 cinthe the 1100.9 and 745.4 crh absorptions, and decreased the



Matrix Effects on a Strong Hydrogen-Bonded Complex J. Phys. Chem. A, Vol. 105, No. 25, 2003057

@ MN)
0.020 wwow
0.0104

® @
0.000+

2]60 2060 1640 1540
Wavenumbers (cm-1) Wavenumbers (¢cm-1)
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Figure 4. Infrared spectra in 220601800 and 14661040 cnt! regions for NHCI vapors co-deposited with mixed neon/argon samples-&t K.

(a) Pure neon after deposition for 90 min, (b) neon with 5% argon after deposition for 120 min, (c) after annealing to 8 K, (d) after annealing to
10 K, (e) after annealing to 12 K, (f) neon with 10% argon after deposition for 70 min, (g) neon with 25% argon after deposition for 60 min, (h)
neon (20%) and argon (80%) after deposition for 60 min, and (i) after annealing to 30 K.

1398.7, 3135.4, and 3051.6 chfeatures. Spectra after deposi- TABLE 2: Infrared Absorptions (cm ) from Co-deposition
tion and 36 K annealing forNH4Cl and*NH4Cl samples were lc,_’\f Amm?glaglr&d Hydrogen Chloride Vapor with Excess
. : ) rgon at 8—

compared, and careful isotopic shift measurements were made. 9
for band centers. NH,CI I5NH,CI ND4CI I5NDLCI identification

Deuterium. One experiment was performed co-depositing 3447.0 3439.0 2556 2544 NH3
NH,Cl with D, gas at 45 K. The spectrum contained ~ 34299 ~ 34217  2553.6 25414 M-HCl
nonrotating HCl at 2868.2 cm, a weak (HCljband at 2820.0 33003 33921 2827.2 28153 (Ml v

44, 42. N
cmL, NH; bands at 3437.3, 3328.1, 1633.4, and 982.06mM 33109 3a06.9 oy
and a broad 1054 cm product absorption. Annealing to 6.8 K 2887.7 2887.7 2089.3 2089.3 HCI, R(0)
had no effect, but annealing to 7.5 K sublimed someriatrix, 2871.6 2871.6 2079.2 2079.2 HCI, induced Q

and the only absorptions remaining were broad 3066 and 1404 2817.4 2817.4 2038.8 2038.8 (HED
cm~1 ammonium chloride features. 2786.7 2786.7 2017.5 2017.5 (HEl)

Calculations. The structures and harmonic frequencies %gz:g %2471:‘21 iggg:g iggg:g 2&",:_:)0

computed for HCI, HF, and the N—HCI and HN—HF 1638.5 1635.3 1190.8 1187.2 Nh,
complexes irCz, symmetry are given in Table 5 for the B3LYP 1449.9 1444.3 (NEH)(CI7)y
and BPW91 density functionals. The calculated HCI bond iﬁgg iﬁg-i 1067 1061 (’(\Imxgg::gy
I(;e_ngths are 0.005 and 0.012 A longer, respectively, and_the HF 13700 13643 11143 1111.0 3IHI—HXICI y
istances are 0.005 and 0.012 A longer than experimental 1290 3 12901 0918 989 8 -N—HCI
values3” However, the calculated-NCl lengths are 0.063 and 909.9 903.0 BN—DCI
0.117 A shorter, respectively, than the 3.137 A&l dis- 1089.2 1084.1 844.4 837.4 (NHHCI),
tance for the gaseous complExThe bond lengths calculated 1070.0 1064.4 831.4 823.7  3N—HCI
here are in+0.01 A agreement with B3LYP values using 10350  1029.9 805.1 798.1  sN-H0
1018.0 1013.4 791.7 785.3 (NH

different basis set¥. Similarly, the calculated N-F lengths are

’ . . . 780.4 773.
0.02 and 0.04 A shorter than the 2.66 A gas-phase distance 833.2 g?gg 728.7 7538 ,(\Z%Z
for H3N—HF, and the B3LYP H-F frequency (3260 cm) is 733.8 733.8 544.0 544 MN—HCI
slightly higher than the gas-phase value (3215 8 while 730.3 730.3 BN—HCI
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TABLE 3: Infrared Absorptions (cm ~1) from Co-deposition

060 s N of Ammonia and Hydrogen Chloride Vapor with Excess
0.55] ND; L ND; A(D Krypton Containing 10% Neon at 4—5 K2

050 NH,CI 15NH,CI ND4CI IND4CI identification
' ND, © 34345 34265  2551.0 25395 s

045 3419.9 3411.5 2546.5 2534.3 aR—HCI
0401 ND 3393.4 3385.3 2522.8 2511.1 (MR “v3”

' : 3335 3332 NH, v

d
0351 J"\ A @ 2872.7 2872.7 2078.8 2078.8 HCI, R(0)

2852.8 28528  2068.4 2068.4  HCI, induced Q
0301 NH, 28151 28151  2037.2 20372 (HE)

27895 27895 20195 2019.5  (HEl)

025 © 2758.2 2758.2 1999.4 1999.4  (Hg)

0901 1635.7 16325  1188.7 1185.1  NHy

14552 14502  1117.8 11107 (NB(CI),

Absorbance

0.15] NH, 1415.2 1409.4 1108.1 11021 (MB(CIY),
1388.5 1379.4 (NB)X(HCI)y
010] g Y ® 12813 12797 9914 988.9 N-HCI
0.051 1272.4 1266.5 broad broad sN—HCI
() 1218.6 1210.3 911.4 904.6 sN—HCI
0.00] iy ‘ : =, 1086.3 1080.8 842.3 836.2 (NHHCI),
1400 1200 1000 800 600 1071.9 1066.1 833.1 825.2 sN—HCI
Wavenumbers (cm-1) 1034.6 1029.3 804.0 797.7 8—HCI
Figure 5. Infrared spectra in the 14500 cnt? region for NH,CI 1013.7 1009.0 788.0 782.4 (NH
998.3 993.7 779.4 772.9 (N

vapors co-deposited with excess argon a9&. (a) NH.Cl vapors

deposited for 60 min, (b) after annealing to 30 K,®H,CI deposited %gg gggg ;5122 ;22% EWﬁCI
I K I ited fi i . . . : CA
and annealed to 30 K, (d) NDBI deposited for 60 min, (e) after 7340 7340 HN—HOI

annealing to 30 K, and (°ND,CI deposited and annealed to 30 K.
aThe 1388.5, 1281.3, 1272.4, 1218.6, 1071.9, and 7369 bands

0.40] 1 s and isotopic counterparts reported after-3® K annealing to remove
ND, ND; © neon and allow diffusion.
0351 TABLE 4: Infrared Absorptions (cm ~1) from Co-deposition
D of Ammonia and Hydrogen Chloride Vapor with Excess
0,301 ND, “ 3 @ Nitrogen at 5 K
NH,CI 1NH,CI identification
15
g °% NHs 3440.7 34325 N s
_§ 3419.7 3411.4 EN—HCI
& o] © 3401.3 3393.8 (NB)2, “vs"
2 33304 3327.6 NE v,
015 NH, 3311.8 3307.7 (NB2, “v1"
®) 3141.7 3135.4 NECl-
3058.0 3051.6 Nk Cl-
0101\t ALJ"U Aot 2854.3 2854.3 HCl
NH 2815.7 2815.7 (HCY
0.051 3 2568.8 2561.6 (NBJ(HCI),
(@ 1794.9 1788.5 Nk Cl-
0.00] 1630.6 1627.5 Nk v4
‘ ‘ ‘ ‘ 1454.0 1447.8 EN—HCI
1200 1000 800 600
Wavenumbers (cm-1) iig‘:gg iiggg blf\\]ll;f'HCCIl_
Figure 6. Infrared spectra in the 13500 cnt? region for NH,CI 14050 1398.7 &H(%T(, W
vapors co-deposited with excess krypton with 10% neon-& K. (a) 1251.6 12455 EN—HCI
NH,CI vapors deposited for 60 min, (b) after annealing to 40 K, (c) 1144'4 1139'1 NE v2 +Fii
15NH,CI vapors deposited and annealed to 38 K, (d);8Dvapors 1115:8 1110:7 (Nl;')(HCDIz
deposited and annealed to 38 K, and*®&)H,Cl vapors deposited and 1106.0 1100.9 (NB)(HCI),
annealed to 38 K. 1003.4 998.9 (NH),
o 985.5 981.3 (NH),
the BPW9L1 result (3023 cm) is slightly lower. Hence, the 969.6 965.2 NH v,
B3LYP frequencies may have predictive value. The influence 750.4 745.7 (NB)(HCI),
of successively fixed, shorter hydrogen bond lengths on the 702 700 HN—HCI

optimized frequencies was explored in order to simulate the 628 625 HN—HCI

effect of matrix solvation, and these approximate results are absorptions at 3108, 1446, 1418, 1230, and 1086'éntrease.

summarized in Table 6. The former three bands are in the regions ofithandv, modes

of solid ammonium chlorid® and are near residual absorptions

on the window after matrix evaporation. The 1086.1 ¢imand
The neon matrix absorptions will be assigned to the LN-H shows the isotopic shifts for a symmetric blFhode, and its

HCI complex, and the effect of different matrix environments larger displacement from ammonia than the strong 1060:2 cm

on this strong hydrogen-bonded complex will be considered. primary product band indicates a stronger interaction like that
Neon. The new 2084, 2017.4, 1060.2, and 708.9"ém  expected for the 1:2 complexsN—(HCI),; an associated 1230

absorptions track together during sample deposition in all cm~! band is appropriate for the more strongly bondedCi

experiments, and they decrease on final annealing, while stretching mode in this 1:2 complex. The latter higher complex

Discussion



Matrix Effects on a Strong Hydrogen-Bonded Complex

0551
0.80 NH,CI

0.75 HCl 0.50

0.70 M\/\KJK 0.45]
0.65 W 0.40
o] | @ 035
055 M o0]
0.50
0.25
045 JM“\N ®
0.40 w 0.204
(HCD), 015
03s5{NHs NH; \,@

0.30

Absorbance
Absorbance

J. Phys. Chem. A, Vol. 105, No. 25, 200059

NH, NHCI

l (NH,), \\J\\‘JN(:)

NH, NH,

3500 3000
Wavenumbers (cm-1)

1500 1000
Wavenumbers (cm-1)

Figure 7. Infrared spectra in the 3562700 and 1708500 cnt? regions for*>NH,CI vapors trapped in solid nitrogen at 5 K. (a) After 60 min

deposition, (b) after annealing to 25 K, (c) after annealing to 32 K,

TABLE 5: Frequencies (cnr?), Intensities (km/mol), and
Bond Lengths (A) Calculated for the HsN—HCI and
H3N—HF Complexes inCs, Symmetry Using Density
Functional Theory

HN—HCIR  B3LYP/6-311-G**
H—N: 1.016 3594 (e, 19), 3474dl), 2123 (a, 2242), 1662 (e, 27)
N—H: 1.724 1121 (a 129), 855 (e, 62), 273 (e, 16), 195,(40)
H—CI: 1.351

HaN—HCI>  BPW91/6-31%G**

H—N: 1.022 3531 (e, 20), 34054al), 1901 (a, 2656), 1622 (e, 265)
N—H: 1.642 1100 (a 84), 922 (e, 53), 288 (e, 15), 214 (&7)
H—CI: 1.378

HsN—HF¢ B3LYP/6-31H-G**

H—N: 1.016 3596 (e, 18), 34804(al) 3260 (a, 1740), 1664 (e, 23)
N—H: 1.677 1138 (g 169), 1009 (e, 173), 283 (e, 8), 276,(8)
H—F: 0.961

HN—HF?  BPWO1/6-311G**

H—N: 1.022 3527 (e, 16), 3408 (dl), 3023 (a, 1863), 1627 (e, 22)
N—H: 1.641 1124 (g 140), 1035 (g 157), 294 (e, 9), 286 (a10)
H—F: 0.977

a2 Angle HN—H: 110.9, dipole moment 5.05 D. Compare HCI re-
sults for this calculated: 1.287 A, 2936 c(32 km/mol).? Angle
HN—H: 110.9, dipole moment 5.45 D. HCl results: 1.293 A, 2894
cmt (29 km/mol).¢ Angle HN—H: 111.%, dipole moment 4.93 D.
HF results: 0.922 A, 4101 cmh (130 km/mol).? Angle HN—H: 111.6,
dipole moment 5.05 D. HF results: 0.929 A, 3995¢n{109 km/
mol).

TABLE 6: Calculated Effect of Stepwise Decrease in Fixed
H3N—HCI Distance on the B3LYP/6-31H1-G** Optimized
Potential Surface

frequencies (crmt)

distances (A) H-Cl sym H—CI N—HCl energy
H—N N-HCI H-ClI str NH; b str  (kcal/mol)

1.0159 1.7235 1.3505 2123 1121 855 195 0.00
1.0161 1.65 1.3653 1944 1137 918 215 +0.08
1.0163 1.66 1.3780 1807 1149 968 229 +0.20
1.0164 1.5% 1.3925 1661 1157 1015 233 +0.45
1.0166 1.56 1.4091 1507 1168 1065 260 +0.76
1.0168 1.45 1.4309 1337 1170 1117 2¥6 +1.2
1.0168 1.46 1.4582 1067 1232 1174 295 +1.6
10177 1.3% 1.4879 920 1236 1232 338 +2.1
1.0173 1.36 1523 774 1256 1287 435 +2.7

aFixed N—HCI distance: N-HCI stretching mode not rigorous.

bands become stronger relative to the former four-band set wi
increasing reagent concentration. Hence, the new four-band
is assigned to the 1:14N—HCI complex.

(d) after annealing to 36 K, and (e) after annealing to 38 K.

The strong, sharp 1060.2 ciband shifts by 5.4 cmi to
1054.8 cm! with 15NHj, slightly more than the 4.1 cm shift
observed for the symmetric bending mode of ammonia itself
(968.2 cnTl in neon). On the other hand, NBhifts the band
to 824.5 cmt, which gives a larger frequency ratio (1.286) than
observed for ammonia (1.262). Hence, the 1060.2cband
is due to the symmetric Ndbending mode in the #—HCI
complex with slightly more N and less H involvement than
found for isolated NH A quartet of similar bands was observed
for both ammonia and the product complex ustAgHD3-n,
which indicates that this motion involves the BlsLibunit with
three equivalent hydrogen atoms. The larger shift iithD3,

7.4 cnTl, is in accord with more nitrogen motion against three
deuterium atoms than three hydrogen atoms.

The sharp, weaker 2017.4 cfnband is due to the first
overtone of the 1060.2 cni fundamental. This band shifts 9.0
cm ! with 1NHj, just less than & 5.4 = 10.8 cnT?, because
of Fermi resonance and mode mixing with the 2084 tband.
The ND; counterpart is a characteristic Fermi resonance (FR)
window at 1595 cm! in the broad 1600 cmt band because of
the D—CI stretching mode in the complex. This window shifts
to 1583 cnt? for 15NDj3, again slightly less than double the shift
for the fundamental because of the FR interaction.

The characteristic strong, broad 2084 ¢drband is assigned
to the H-CI fundamental in the EN—HCI complex. The 2084
cm™! band shifts to 2079 cmt with 1NHs, and the broad
deuterium counterparts at 1600 and 1595 tshow a similar
5 cmrt shift with 1N substitution. The observation of FR
interaction between the 2084 cifundamental and 2017.4
cm! overtone in the spectrum of;N—HCI and between the
two corresponding modes in thesl®-DCI complex as evi-
denced by the FR window clearly demonstrates that the broad
2084 cnt! HCI submolecule absorption belongs to the same
complex as the sharp 1060.2 thiNH3 submolecule absorption.
The H/D ratio 1.303 indicates considerable anharmonicity. The
15N shift observed for the HCI and D-CI stretching modes
suggests some coupling with the low-frequencyNHHCI
hydrogen bond stretching mode, a common occurrence in strong
hydrogen-bonded complexés.

The sharp, weaker 708.9 cimband exhibits a 698.3 cmh
splitting and no shift with!>N substitution. The 526.1 cm

ithdeuterium counterpart follows suit with a site splitting and no
setf®N shift. The 708.9 cm! band has a characteristic H/D ratio
of 1.348 and is assigned to the-€l librational mode in the



6060 J. Phys. Chem. A, Vol. 105, No. 25, 2001

HsN—HCI complex. The analogous mode for the £LH—HCI
complex at 414 cmt in solid argon has a 1.380 ratt®put the
librational mode for HF in the fN—HF complex at 916 cmt
has a 1.315 H/D ratié?

The 2084 cm! H—CI fundamental for the EN—HCI
complex is considerably lower than those for HCI in solid neon
(2871 cntt) and CHCN—HCI in solid neon (2676.0 crd),4041
but much higher than the previously observed hydrogen
stretching fundamental for thesN—HCI complex in solid argon
(1371 cnrl).7.34

Argon. The major bands that evolve for the 1:3NH-HCI
complex at 1370.9, 1290.3, 1070.0, and 733.9%tusing neon/
argon mixtures and pure argon hosts abK agree with early
and recent argon matrix worké* Additional, new information
to help characterize these vibrational modes is found in the
15NH3; and relatively pure NB and 1°NDs isotopic spectra
reported here.

The strong, sharp 1070.0 ciabsorption shifts to 1064.4
cm~1 with 1NHj3;, while NDs shifts the band to 831.4 cthand
15N D3 to 823.7 cmit. The H/D ratios, 1.287 and 1.292, for the
1N and 15N species are essentially the same as for the
corresponding neon matrix bands, and the 1070.0'dand is
clearly due to the symmetric Nt-bending mode in the com-
plex as assigned previously? The further 9.8 cm! blue shift
in this mode from neon (1060.2 ci) to argon (1070.0

Andrews et al.

However, interaction between theD—D—Cl antisymmetric
stretching mode and an overtone of the HCI librational mode
(which forces the 1114.3 cmh band higher and the resulting
1370.0/1114.3 ratio lower) may also contribute to the low value
of the isotopic ratio. It has been shown for hydrogen hatide
pyridine derivative complexes with proton-shareetN---Cl
hydrogen bonds that the complicated spectral pattern observed
for these complexes in the low-frequency region arises from
normal coordinate mixing of proton motion with internal
motions of the complexe®:4” Such normal coordinate mixing
probably contributes to the spectra of the ammeitiadrogen
chloride complex.

The 3429.9 cm! band and isotopic counterparts track with
the 1:1 absorptions on annealing and are assigned testfe)
ammonia mode in the #—HCI complex.

In conclusion, the substantial red shift in the-8I stretching
mode from solid neon (2084 cry to the 1370.9 cm!
antisymmetric N-H—CI stretching mode in solid argon arises
from the increased $#N—HCI interaction, which is also mani-
fested in the blue shifts in the symmetric fllHending and
H—ClI librational modes going from neon to argon hosts.

Krypton. We discovered that krypton with 10% neon added
forms an effective, transparent matrix at% K, and that
successive annealing to 22, 30, 40, and 50 K allows controlled
sublimation of neon with diffusion and association of trapped

cm 1) above the ammonia fundamental suggests a strongerHCI and NH; in the solid krypton matrix. Figure 6 illustrates

interaction within the IN—HCI complex in the argon host than
in neon.

The weaker 733.8 cnt band shows nd°NH3 displacement
but shifts to 544.0 cmt with DCI and gives the H/D ratio 1.349,
which is almost the same as found in solid neon. This band
was assigned earlier to the Nkbcking mod¢, but the lack of
15N H; shift and the band position argue for assignment to the
H—Cl librational mode. Note that the increase from 708.9&m
in solid neon to 733.8 cmt in solid argon for this H-Cl
librational mode also points to a stronger interaction within the
1:1 complex in the argon host.

The 1370.9 and 1290.3 crh absorptions were originally
assigned to antisymmetric -NH—CI stretching and bending
modes in the EN—H—CIl complex’ The new °NH;3 data
support the stretching mode assignment for the 1370.9'cm
band, but suggest revising the 1290.3¢rand assignment to
the first overtone of the HCI librational mode. The small
15NH3 shift (0.2 cn1l) for the 1290.3 cm! band may arise from
weak FR interaction with the 1370.9 cfnband, which has a
surprisingly large (6.6 crmt) >NHj3 shift. This large 6.6 cmt
shift further underscores the participation of N in the 1370.9
cm~t N—H—CI vibrational mode, which is probably coupled
with the low-frequency symmetric NH—CI stretching mode.
The deuterium shifts of these bands to 1114.3 and 991:8 cm
and™ND,CI shifts to 1111.0 and 989.8 crhare in accord with

the growth of 1281.3, 1272.4, 1218.6, 1071.9, and 733.9'cm
absorptions on annealing to 40 K followed by their decrease in
concert on annealing to 50 K; the 1388.5¢rband appears to

be due to a different species, and the above bands are assigned
to the 1:1 complex. The 1281.3 and 1218.6 “énbands
decreased almost 3 cthon annealing to 40 K, and the 1071.9
cm~! band increased 0.3 cthas the neon sublimed from the
krypton host, but these positions did not change on the final 50
K annealing, which decreased the band absorbances. We
conclude that the remaining host is now pure krypton and that
the frequencies reflect this environment as shown in a pure
krypton experiment.

The straightforward assignments of the 1071.9 and 736.9
cm-1 bands to the symmetric NHbending and H-Cl librational
modes in the BEN—HCI complex follow their positions in solid
argon and similar isotopic shifts in solid krypton. Note that the
blue shifts in these two modes going from solid argon (1070.0,
733.8 cnm) to solid krypton indicate a slightly stronger
hydrogen-bonding interaction in the krypton matrix.

The counterparts of the 1281.3 ctiband in NDQCI,
I5ND4CI experiments were identified at 991.4, 988.9¢nand
the counterparts of the 1218.6 chabsorption were observed
at 911.4, 904.6 crit, respectively. Such correlation is suggested
by similar >N isotopic shifts for the 1281.3, 991.4 cfbands
(1.6, 2.5 cmt) and 1218.6, 911.4 cnd bands (8.3, 6.8 cnt)

these mode descriptions; however, there is more interactionin hydrogen and deuterium experiments. No deuterium coun-

between the EN—D—ClI stretching and bending overtone modes
(based oSN shifts) than in HN—H—CI. The low isotopic ratio
1370.9/1114.3= 1.230 indicates strong anharmonicity in the
potential describing of the proton motion in the hydrogen bond.
Model calculation® of the effect of mechanical anharmonicity
on the H/D isotopic frequency ratio for the hydrogen stretching

terpart was found for the1272.4 ciband. The frequencies of

the 1281.3 cm! band and its counterparts in krypton experi-
ments (1281.3, 1279.7, 991.4, 988.9 dnare very close to

the frequencies of the 1290.3 ciband and its counterparts

in argon experiments (1290.3, 1290.1, 991.8, 989.8%;mwhich
suggest that the corresponding absorptions are due to the same

modes showed that the ratio changes from 1.41 to near 1 withmode, namely the first overtone of the+4€l librational mode.

an increase of anharmonicity in the potential function, which
agree with reported experimental valdé®ecent DFT calcula-
tions* performed for the ammonishydrogen chloride complex
resulted in an H/D isotopic ratio of 1.27 for the anharmonic
proton stretching vibration.

The 1218.6 cm! absorption shows a relatively largeN shift

like the 1370.9 cm! band in the argon experiment and is
assigned, accordingly, to the antisymmetrie N CI stretching
mode. Assignment of the 1272.4 chabsorption is not clear.
However, one has to remember that in this low-frequency region,
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the normal modes are strongly mixed, and proton motion
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additional 750 cm® and split 1115.8, 1106.0 cthabsorptions

probably contributes to the other modes observed in this region.are due to higher complexes: the latter sharp bands, also

This fact may account for the relatively large intensity of the
1281.3 cn! band and its counterparts.

The substantial red shift of the antisymmetric-N—CI
stretching mode from argon (1370.9 chto krypton (1218.6
cm?) follows the blue shift of the symmetric NfHbending and
H—CI librational modes from argon to krypton (1070.0 to
1071.9 cm! and 733.8 to 736.9 cm, respectively) and

reported by Barnes et dl.show a large 5.1 cri nitrogen
isotopic shift, which describes a perturbed symmetricsNH
bending mode. The sharp 1415.0¢nband is observebefore
any absorption near 3100 chand it grows on annealirtgefore
being engulfed by the stronger 1405.0 dmabsorption and
associated bands at 3141.7, 3058.0, and 1794-9.crhe latter
are due to NH"CI~ in sufficient cluster size to approach the

indicates that the krypton matrix strenghtens the hydrogen bondsolid spectrum; the weaker 1794.9 cthmabsorption is a

in the ammonia-hydrogen chloride complex as compared to
the argon matrix.

Neon/Argon. The spectra of neon/argon mixtures (Figure 4)
show that the 1:1 complex in solid neon (Figure 1) evolves to

the 1:1 complex in solid argon (Figure 5), and that the same

1:1 HkN—HCI complex is observed in both matrix hosts. It is
clear that the 2084 cm band is most sensitive to the effect of

argon replacing neon in the surrounding sphere of matrix atoms
from the red shift observed, but a steady increase in the strong

1060.2 cntt band (neon) to the 1070.0 cthband (argon) is

combination band involving the N#i ion v4 fundamental and

a torsional lattice mod#& note that the s + ve) — (v4)
differences 389.9 and 389.8 cinshow no!®N shift within
experimental error and agree with the frequency inferred (391
cm 1) from the solid spectrurd® The NH,~CI~ bands shifted
only slightly (3125, 3054, 1403 cm) after the matrix was
evaporated at 70 K, and the window recooled to 5 K. The sharp
1415.0 cm? band is probably due to a small (N5x(CI7)y,
cluster analogous to the sharp 1418.0-&meon matrix band.

Barnes et al.argue convincingly that the 1246 cfband

also observed on increasing the percent argon and on annealin§or HsN—HCI is an ammonia submolecule mode and not a
to allow diffusion, where argon clearly replaces neon in the N+:+H:-:Cl overtone as first assignécand they offer a 1096

intimate influential matrix layer. The 1:1 complex is large

cm! D3N—HCI counterpart and a 999 crh DsN—DCI

enough to require a two-matrix atom vacancy, and the immediatecOmponent. The presef shift for the former band, 6.1 cm,

surrounding layer will contain at least 12 matrix atoms. First,
the spectra reveal many band positions for theGH vibration

in the HEN—HCI complex between the pure neon (2084¢jn
and pure argon (1371 cr¥ values. Even with 1% argon in
neon, the new peak shifts to 2079 chand then further to 2061
cm~1on annealing as Ar replaces Ne in critical positions in the
solvation shell. With 5% Ar in Ne (Figure 4), the major
absorption at 2045 cm shifts to 2015, 1970, and 1935 cin

supports the ammoniajfanode characterization. Barnes et al.
reassign the band near 630 thto a NH; rocking mode;
however, our DFT calculations predict the weak rocking mode
much lower and the bending (or librational) mode much higher
(Table 6); the bending mode is probably overestimated by the
DFT calculation. The band observed here at 762.8.5 cnt?

is due to the antisymmetric -NH---Cl stretching mode in
agreement with both previous groupsthe 2 cnt! 13N shift

on successive annealing to 8, 10, and 12 K, while a new, broadagrees with this assignment. The 3419.7 &nabsorption

band appears at 1420 cf In addition, the higher band shifts
to 1920 and 1910 cnt with 10% and 25% argon, while the
lower band shifts to 1385 and 1372 thn The discontinuity

(between 1910 and 1420 cA) implies that some sites in the

showed a large 8.3 cmh 13N shift, which is appropriate for the
antisymmetric H—N stretching mode in the complex. In
agreement with previous wofK,18 the proton is apparently
shared as kN---H---Cl in the more strongly interacting nitrogen

solvation shell are more important than others and that cavity matrix, which is supported by the strong fundamental for<Cl
size may change abruptly. The cavity size is, of course, part of H—Cl) ~ at 696 cn*.%2

the “matrix effect” in addition to the electrostatic solvation.
Furthermore, the HCI band positions in solid Ne, Ar, and Kr
(2084, 1371, and 1218 cr®) do not follow directly the

Note that the 1251.6 cm nitrogen matrix frequency for NH
in HzN-:-H---Cl is much higher than the 1070.0 and 1060.2
cm~! argon and neon matrix values forsiN—HCI, which

permittivities of these noble gases (1.24, 1.63, and 1.88), which represent less severe perturbations ors.Ms$ a proton attaches

provide further evidence that cavity size may also be an
important factor. The bottom line here is that the argon matrix
effect on HN—HCI is substantial, and there is much more €l
bond elongation and a much lowerH€l frequency in solid
argon than in solid neon.

As the argon percent is increased, the neon 1060.2'cm
frequency increases continuously to the argon 1070.0'cm
value, while the neon 2084 crhfrequency decreases to about
1910 cnr?, and then reappears at 1420 ¢nbefore falling to
the argon 1371 cmi value. The H-Cl mode may depend more
particularly on the matrix atoms surrounding the HCI submol-
ecule in the complex, but attempts to model the matrix effect
using three atoms do not account for the large shift obsei®ed.

Nitrogen. The 1438, 1246, 705, and 630 cibands first
assigned to the 1:14N—HCI complex by Ault and Pimentel
can be further analyzed with tHeNH; spectra observed here.
Our NH,CI decomposition experiments gave considerably lower

to NH3 to become Ni", the NH; modes at 1630 cni (e) and
970 cnt! (a) become () near 1405 cm!. The HN-++H-+-Cl
complex in nitrogen is an intermediate case with 1443.9%cm
(e) and 1251.6 cm (a1) modes. Accordingly, the 1443.9 cth
band is characterized as an Ni) mode, and the 5.5 crh
15N shift supports this reassignment.

Calculations. The DFT calculations predict HCl and HF bond
lengths slightly longer than experimental values, but the B3LYP
results are only 0.005 A longer (Table 5). Harmonic frequency
predictions are below the experimental values but near the
observed anharmonic frequencies, with B3LYP slightly higher
than BPW91, as found previousi§However, the DFT calcula-
tions predict the crucial diagnostic-NX bond lengths in the
HsN—HX complexes 2-4% shorter than the gas-phase mea-
surementd!-38with the B3LYP functional giving closer agree-
ment. Accordingly, we may expect reasonable predictions of
approximate frequencies as support for vibrational assignments

reagent concentrations, and little aggregation, and the sharpetvith the B3LYP functional giving better agreement.
product absorptions were measured at 3419.7, 1443.9, 1251.6, The HkN—HF complex has been examined in the gas phase

702, and 628 cmt with 1*“NH,Cl and at 3411.4, 1438.4, 1245.5,
700, and 625 cmt with 15NH4Cl. Annealing shows that

and the H-F fundamental measur&at 3215 cmt; our B3LYP
frequency (3260 cmt) is 1.4% high and BPW91 frequency
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(3023 cn1Y) is 6.0% low. This is the order expected for these TABLE 7: Frequencies (cnml) Assigned to Ammonia-HF
functionals* but there is no database for comparison with and Ammonia—HCI Complexes in Solid Neon, Argon, and

observed values for such complexes. In the neon matrix, the KYPton

H—F fundamental is 3106 cm, a 109 cn?® red shift, the complex H-X str sym NH; bend H-Xlib

symmetric NH bend 1090 cm!, and the H-F libration 912 HsN—HF in Net 3106 1090 912

cm! for the HkN—HF complex?! Table 5 shows that the HsN—HF in ArP 3041 1093 916

B3LYP values are slightly higher but in generally good HsN—HClinNe 2084 1060 709
HsN—HCl in Ar 1371 1070 734

agreement. These harmonic DFT frequencies are not expected
to be a perfect model, but they provide support for the
experimental assignments. In this regard, the harmonic MP2 *Reference 21° Reference 23.
calculatior?® for H3N—HF predicted a harmonicHF frequency
of 3296 cnt?, higher than our B3LYP value, and gave one- 32 km/mol) and the gas-phase (HEYimer fundamentals at
and two-dimensional anharmonic frequencies at 2949 and 28322880 and 2839 cm.*® Therefore, the dominance of HCI
cmL, which are much lower than the gas-phase 3215%cm monomer over (HCP dimer in our matrix spectra is ap-
value. This MP2 calculatiomverestimateghe anharmonicity ~ Proximately 7 times more than the relative band absorbances.
in the H—F stretching mode. A final comparison with the MP2 calculations fogN—HCI
Based on the calculated-NCI bond length, our B3LYP is in order. First, the harmonic MP2 frequency fOI_r HCl in the
calculation slightly overestimates the strength of th&lHHCI complex (2528 or 2541 cni)**19is considerably higher than

interaction (bond 0.063 A shorter), and the BPW91 calculation g;ggSLYlP v:;lue,to(ljjr n?on r?at'Frix \t/altl;]e (2084 ﬁm andlour Th
overestimates this interaction even more (bond 0.117 A shorter).MP2 cm O?_S imate elx ralfl)o ation Of €gas-p gggga ue. the
The computed HCI frequencies follow this trend: the B3LYP one-dimensional anharmonic frequéncy ( 9ris
values for the very strong HCI stretching mode (2123 cm) reasonaple, but the t_wo-dlmensmnal predl_ctlon (18691&%
and H-Cl libration (855 cn?) change to 1901 and 922 ciy substantially overestimates the anharmonic correction needed

: : for the HEN—HCI complex in the gas phase.
respectively, with BPW91 (Table 4). However, the B3LYP . . . .
predictions, including the symmetric NHnode (1121 crmb), Matrlx-to-Gas Shifts. A major reason to examine the neon
are clearly in reasonable agreement with the neon matrix valuesmatrix spectrum of the sN—HCI Comp'e.x Is to extrapolate to
(2084, 1060, 709 crm), but the hydrogen-bonding interaction the gas-phase frequency. Legon describes the nature of gaseous

is overestimated at the B3LYP level based on these threell?rljl_llg)crlncl)rl]eglfargéglr;ndlexl?‘rﬁg%rﬁsgr?tti; a?ot% ntrt?gggg?,l)
diagnostic observed frequencies. Note also that the calculated( P P b

) ; o ali ; on the basis of Cl nuclear quadrupole coupling constants and
thﬁ/ :r:c,zg:nm?grgazggtgzangr;nozdﬁgr?f vﬂail):;: Ssé%ghé: ég?gg intermolecular stretching force constants, based on the centrifu-

cm~1).711Even though the present B3LYP frequency calculation gal distortion modet: These qu_antities_ are about 10% of the
for the EN—HCI complex is only a crude approximation, it \Il\lvaxctl)iatween H(?[NF,:EI .(trad't'onfl’ _stlmpI? mcgefcular)Hand
provides support for the neon matrix assignments4d-HHCI a (representing the ionic, proton-transferred form). Hence,

- a simple hydrogen-bonded modejN-HCI with only polariza-
as representative of the gas-phase complex and shows that thﬁon o?HCI)lby t%e NH unit and aeimall extensionilmpthe—H:I

argon ”.‘at”x spectrum Is a direct consequence of a strongerbond are invoked. The microwave spectrum suggests a small
matrix -interaction with the. complex,. which Increases the extension of the HCl bond, although the N-Cl distance (3.137
hydrogen bonding effect. This conclusion agrees with a recent A) is shorter than in other’ complexes (@EN—HCI, 3 301' A

discussion of Barnes an_d Legéh. . for example)t1%° However, the infrared spectrum also inter-
The HN—HCI potential surface has been explored with ogates they = 1 level, where anharmonicity will be more
artificially increased proton transfer to match the effect of matrix important. For the CECN—HCI complex, the gas-phase, neon

solvation by stepwise decrease of a fixed-*N distance, matrix, and argon matrix HCl frequencies are 2714 3, 2676,
followed by optimization of the other structural parameters and ang 2662 cml, respectively®4151 However, for the more

calculation of the frequencies that characterize this stronger syrongly hydrogen-bondedsN—HCI complex, the argon per-
interaction. This stepwise decrease of the hydrogen bondyrpation is substantial, and the neon matrix 2084-&m
distance from the optimized 1.7235 A value to 1.30 A leads to gpservation points to a higher gas-phase band position estimated
that the computed structures are near the global energyin the similar HN—HF complex for neon (3106 cm) and
minimum. Although the calculatedNHCI stretching mode is  5rgon matrix (3041 cmi) hosts, which are slightly lower than
small, it is not rigorous nor physically meaningful, but the e 3215 cm! gas-phase value. The stronger argon matrix

HsN—HCl in Kr 1218 1072 737

predicted trends in HCl stretching and symmetric Ndbending  jnteraction stabilizes the complex, red shifts theFistretching
modes, summarized in Table 6, are reasonable. For &Rl mode, and blue shifts the symmetric NHending and HF
distance of 1.50 A, the HCI frequency (1507 cm) ap- librational modes relative to the neon matrix values.

proximates the argon matrix value, but the increase in the  The same behavior is found for theM—HCI complex, but
symmetric NH mode (47 cm?) exceeds considerably the 10 e have Ne, Ar, and Kr matrix hosts to contrast. The more
cm™ neon-argon shift, as does the increase in the-Gi polarizable host clearly stabilizes the complex and increases the
librational mode. However, the energy increase, 0.76 kcal/mol, perturbation on the submolecule mode (the HX libration is a
is reasonable for argon solvation. For a-#HICl distance of  yotation for isolated HX). The argon value for the-BI libration

1.30 A, the N-H—Cl frequency (779 cmt) and symmetric Nk is 89% of the blue shift between neon and krypton values, and

mode (1252 cm') approximate the nitrogen matrix values.  the argon position of the symmetric Nkhode is 83% of the

A calculation was done for (HGIYo predict relative infrared neon-krypton blue shift, whereas the argon matrix-8l stretch
intensities. The B3LYP/6-31G** calculation gave 2929 crit is 82% of the red shift from neon to krypton. These displace-
(42 km/mol) and 2874 cnit (215 km/mol) frequencies for HCI ments are all internally consistent, and they support the

stretching modes, which may be compared to HCI (2936cm  polarizable solvent stabilization of the hydrogen-bonding in-
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teraction with increasing HCI bond length and decreasing
N—H hydrogen bond length in thesN—HCI complex. This
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