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Dihydrogen bonded phenol-borane-dimethylamine complex:
An experimental and theoretical study
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Continuing with our earlier communication on the dihydrogen bonded phenol-
borane-dimethylamine complgd. Chem. Phys113 9885 (2000], we report here, the realistic
structure of the said complex calculated using density functional theory at B3LYP/6-31
++G(d,p) level. The agreement between the experimental and calculated vibrational spectrum for
both the N—H and O—H stretching vibrations along with the low-frequency vibrations that appear in
combination with O—H stretching, provides the basis for structural assignment. Analysis of the fate
of B—H bonds and B—H stretching vibrations upon formation of dihydrogen bond reveals an
anomalous behavior of average bond strengthening2082 American Institute of Physics.
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I. INTRODUCTION functional theory calculations. The comparison and agree-
ment between the experimentally observed O—H and N-H

Dihydrogen bonding essentially is an interaction, analo-gyetching vibrations with the calculated values, forms the

gous to hydrogen bonding, between two oppositely chargeflagis for the structural assignment. Further, we present two
hydrogen atoms and can be represented as B—Bi(- sets of secondary evidence based bnredshift in the elec-

(5J.F)H_X’ where E and X are ellectroposmve and eIeCtrone'tronic transition and2) appearance of four large-amplitude
gative elements, respectively, with respect to hydrogen. Mor?ow-frequency vibrations in combination with O—H stretch-

generally, the dihydrogen bond is formed when an aCiOIicing of phenol moiety. Finally, we examine the structural

proton, X-H (X=N,O) interacts with a basic metal- 464 in the borane (BHgroup of BDMA following di-
hydrogen/boron—hydrogen-bond. The existence of dihy- hydrogen bonding.

drogen bonding is known for little over a decade in the outer
coordination sphere of some transition metal compléxes,
wherein both inter- and intramolecular versions have beef EXPERIMENTAL AND THEORETICAL METHODS
observed. Further, the dihydrogen bonding was also observed The details of complete experimental set up can be
in the crystals of several borane-amiriéEhere are also sev- found elsewher&* Briefly, the laser induced fluorescence
eral theoretical reports in the literature, which describe a va¢LIF) excitation, fluorescence detected infraf&DIR) and
riety of dihydrogen bonded complex&s However, only re-  |R—UV hole-burning spectra were recorded on jet-cooled
cently we have identified the formation of dihydrogen mixture of phenol and BDMA. For this purpose, He at 4 bar
bonded complexes in the gas ph&se,including the was passed over phen@ldrich, vacuum sublimedkept in
phenol-borane-dimethylamire. a solvent holder at room temperature and was mixed with
It is well known that conventional hydrogen bonds arevapors of BDMA(Acros Organicsin a sample holder heated
involved in molecular recognition and also as precursors t@o 310 K and expanded using a pulsed nozzle of 0.8 mm
proton transfer reactions, which involve switching of  diam. The LIF excitation spectrum of phenol was recorded
bonds™® It is proposed that the dihydrogen bonding can bewithout BDMA and then recorded again in the presence of
used in a similar fashion leading to selective stabilization oBDMA. It follows, straightforwardly, that the new transitions
transition states, thereby increasing the reaction fafas- appearing after the addition of BDMA are due to phenol—
ther, crystal engineering ¢{GaH,NH,)3], is an example of BDMA complexes. The FDIR spectroscopy is a technique,
molecular recognition using dihydrogen boriddhe dehy-  which can be used to record the IR spectrum of a particular
drogenation reactions, observed both in gas pfias®l con-  species using it§; — S, electronic transition as a selector. In
densed phas€,are processes leading tebond metathesis  this technique, an UV laser is fixed on electronic transition of
via the dihydrogen bonded intermediate. This motivates thehe cluster of interest, which gives continuous fluorescence
present study, in which we look at the complex betweersignal that reflects the ground-state population of the cluster
phenol and borane-dimethylamingBDMA), in a much in the jet. A tunable infrared pulse is introduced prior to the
wider perspective than reported earlier. UV laser, which when resonant with the vibrational transi-
In this article we search for the realistic structure oftion of the cluster, creates a population depletion in the
phenol-BDMA through experimentally assisted densityground state. The infrared absorption is then detected as a
dip in the fluorescence signal, because of the population

¥Electronic mail: naresh@qclhp.chem.tohoku.ac.jp depletion. The IR-UV h0|e'bum_ing §pectrosc<_)py was used
YElectronic mail: nmikami@qclhp.chem.tohoku.ac.jp to detect the presence of multiple isomers, if any, of the
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phenol-BDMA. This technique is an inverted version of
FDIR spectroscopy. The hole-burnt spectra were recorded b
fixing the frequency of IR laser to a vibrational transition of &
a specific cluster and tuning the UV laser. The quorescenceg
signal shows reduced intensity whenever the UV laser isg
resonant with the vibronic transitions of the selected cluster.2
Subtracting the hole-burnt spectrum from the LIF excitation £
spectrum allows to identify the transitions belonging to spe-
cific cluster. In our experiments the UV laser was a fre-
guency doubled output of third harmonic Nd:YAG laser
(Spectra Physics INDI-5(@umped dye lasgt.umonics HD-
500 operating with Coumarin-540A dye. Tunable IR was C
produced by difference frequency generati®FG) of sec- W b . L
ond harmonic of the Nd:YAG lasd€Quanta-Ray GCR/230 # fe A

and the fundamental of second harmonic Nd:YAQuanta- B —
Ray GCR/230 pumped dye lasefContinumm ND 6000; 35900 36000 36100 36200 36300 36400
DCM dye) using a LiNbQ crystal. The typical laser powers
for UV and IR were 100 and 50QJ/pulse, respectively. The
fluorescence was detected with a photomultiplier tubeFIG. 1. LIF excitation spectrum of phenol in the presence of BDMA. The

(Hamamatsu, 1P28ombined with a cutoff fiIter(Corning transition marked “C” is the band origin of phenol-BDMA complex and
7-54) those marked with asterisk are the accompanying vibronic bands. The bands

. . . marked with “P,” “W,” and “D” are due to bare phenol, phenol-}O, and
Density functional theoryDFT) based calculations were phenol dimer, respectively.

carried out with Becke’s 3-parameter hybrid exchange corre-
lation functional(B3LYP) (Ref. 15 usingGAUSSIAN 98(Ref.
16) to determine the structure of phenol-BDMA binary clus- origin. Among the newly appeared transitions the most in-

ter. The basis set_ use_d for this purpose was a split Valanct%nse and lowest energy transition at 36269 tnmarked
6-31+ + G(d,p) with diffuse and polarization functions on “C,” was assigned as band origin of the phenol-BDMA. We
heavy atoms as well as hydrogens. It has been shown Wentified the mass number responsible for this transition as

several instances that inclusion of polarization and diffuse 5 o\, corresponding to the phenol—BDMA binary clus-
functions on heavy atoms improves the description of hydro;[er’ usiné time-of-flight mass spectrometry combined with

Fluorescence Intens

Energy / cm™

%mall. This small redshift suggests the formation of

s due o its acceptabl_e_ accuracy for the dihydrogen bOndegjr—electron bound complex. Several new transitions, which
structures as exemplified in the case of BHNH; and

. 3 accompany the band origin, were assigned as vibronic bands
BH;—H,O dimeré and reasonable computational cost. The hany d g

T of the same complex based on the IR—-UV hole-burning
geometry optimizations for the monomers and the Complexe§pectroscopy which will be presented later
were carried out under tight binding conditions without any From the1 crystallographic data available for several
constraints. The nature of the stationary point obtained on thBorane-amine% we expected phenol to bédihydrogen
potential energy surfad?’ES was confirmed by calculating bonded to BDMA because the B—H group is a strong and
the vibrational frequencies at the same level of theory. Th(?fhe only accessity)le proton acceptor site in BDMA. This
calculated vibrational frequencies were scaled by a factor o '

0.955 t tfor the basi o i fial loct ould show a much larger redshift in the electronic transi-
: 0 correct for the basis set truncation, partial Negiect of,, “than that was observed. To confirm that nature of the

the electron correlation and harmonic approximation an henol—BDMA complex, we recorded its IR spectrum using

then compared with the experimentally observed values. Th IR technique. The FDIR spectra of bare phenol and
agreement between the calculated and observed Vibraﬂo”gﬁenol—BDMA a.re displayed in Figs(&@ and 2b), respec-

frequencies served as a benchmark for the structural assig Vely. Bare phenol shows a single vibrational transition at
ment. The stabilization energies were corrected for the zerg
point energy(ZPE) and the basis set superposition error
(BSSH using the counterpoise method.

657 cm ! corresponding to O—H stretching and is in excel-
lent agreement with that reported elsewh¥r¥. The ob-
served structure in the O—H vibrational transition is due to
the fluctuation of IR power on account of ambient water
11l. RESULTS AND DISCUSSION vapor absorption. In the case of phenol-BDMA complex
[Fig. 2(b)] the strongest transition at 3483 cinwas as-
signed to O—H stretching vibration of the complex, based on
The LIF excitation spectrum of phenol in the presence ofenergy and intensity considerations. Four transitions on the
BDMA is presented in Fig. 1. Upon addition of BDMA to the higher frequency side of O—H stretching are combination
sample holder, we saw the emergence of several new trandiands with relative frequencies of 19, 31, 44, and 47 tm
tions within 100 cm? to the red of phenol monomer band which are due to large-amplitude, low-frequency vibrations

A. Spectra
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FIG. 2. FDIR spectra ofa) bare phenol an¢b) phenol-BDMA complex.

involving intermolecular motions. The lowest energy vibra-
tional transition, at 3272 cit, is most likely to be the N-H

stretching of the BDMA moiety. The splitting in this case is
due to shot-to-shot instability of the IR laser. The O-H
stretching vibration of phenol-BDMA is shifted by 174

cm ! to a lower frequency a value much higher than in the

case of phenol—5O (133 cm'}) (Ref. 19 and clearly sug-
gests that phenol igli)hydrogen bonded to BDMA. We can-

not compare the observed N—H stretching of the BDMA
moiety to that in bare BDMA, since its gas phase IR spec-

trum is not known.

The existence of multiple isomers, even for the binary
complexes, is known in many instances. To verify such an
eventuality IR-UV hole-burning spectroscopy was carried

out. Figure 8a) shows the LIF excitation spectrum on an

(a)

Fluorescence Intensity (arb. units)

36300

Energy / cm”

FIG. 3. (8 LIF excitation spectrum with IR off andb) LIF excitation

spectrum with the IR laser frequency fixed to the O—H stretching vibration

of phenol-BDMA complex(IR-UV hole-burnt spectruin (c) The differ-
ence spectrum obtained by subtractiby from (a).

Naresh Patwari, Ebata, and Mikami

(a) Complex A

(c) Complex C

FIG. 4. Calculated structures of phenol-BDMA complexes obtained by us-
ing B3LYP/6-31+ +G(d,p) level of theory. Distances are in Angstroms
and the labels B, N, O, and H correspond to boron, nitrogen, oxygen, and
hydrogen atoms, respectively.

expanded scale, which is identical to that shown in Fig. 1.
Figure 3b) is the IR-UV hole-burnt spectrum, recorded by
pumping the O—H stretching vibration of phenol-BDMA at
3483 cm™. It is clearly evident from this spectrum, apart
from the band origin of the complex all the six newly ap-
peared transitions are vanished or have diminished intensi-
ties. This confirms the presence of only one isomer of
phenol-BDMA in the present experimental conditions. The
difference spectrum shown in Fig(c3 [Fig. 3@)—Fig. 3b)]
gives the LIF excitation spectrum of phenol-BDMA exclu-
sively, which shows a rich vibronic activity in the low fre-
guency region.

B. Calculated structures

The DFT-B3LYP/6-3% +G(d,p) calculations gave
three minima on the PES of phenol-BDMA, which are dis-
played in Figs. 4a)—4(c) with their corresponding stabiliza-
tion energies being-6.22, —4.37, and—3.58 kcal/mol, re-
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spectively. The details of various contributions to theTABLE I. Stabilization energiegkcal/mo) along with various contributions

stabilization energy for all the three complexes are listed ir{or all the three isomers of phenol-BDMA calculated at the B3LYP/6-31
. ++G(d,p) level.

Table I. The most stable compld¥ig. 4(a), complex A]

forms a cyclic structure, with phenol acting both a&ahy- Complex AE, ZPE BSSE AE

drogen bond donor and a hydrogen bond acceptor. On the 7756 1129 0.410 6217
donor side, the phenolic proton is interacting with the B-H _5.800 1.096 0331 4373
group of BDMA forming an O—H--H-B dihydrogen bond. c —4.766 0.697 0.487 -3.582

For this dihydrogen bond the-HH contact distance is 1.87
A while the B-H--H and O—H--H angles are 100.0° and
143.4°, respectively. In several borane-amines, whose crystal
structures are reported in Cambridge Crystallographic Dat
base(CSD), the dihydrogen bond has HH contact distance
of 1.7-2.2 A, with a strongly bent B—HH angle, averaging

aéty shows a considerable shift towards lower frequency
whenever it is directly involved in hydrogen bonding. On the
basis of these spectral characteristics, following can be real-

aroung 115%03 Tﬁnd near tI!neIar N“H_: W'.th tk?n averagtge ized for various phenol complexgd) In the case of van der
aroun - 1€ geometrical parameters in the present Casgy, 5 54 electron bound complexes the electronic transition

are very much in accordance with those reported in the CSDshows a small red shift, but the O—H stretching frequency

and suggest the formation of dihydrogen bond. On the ac: ; ;
femains almost unchanged, as in the case of phend&y.
ceptor side, the acidic N—H of BDMA forms a conventional I 5 g ! P @

hydrogen bond with the phenolic oxygen lone pair. In thisIf the phenol is & hydrogen bond donor, as in the case of
) . ' henol-HO, then the electronic t iti h bstan-
case the hydrogen bonded distance is 2.15 A and th enol—h en fhe elecronic ransition SNOW & substan

X N . al redshift, while the O—H stretching transition shows a
N—H--O angle is 139.2°. Because of the relatively 1ong hy-g ;.12 ntial shift to a lower frequent/(3) In the event of

dTOQ?” bonded distance.a_md.the strongly _bent angle, its COrﬂfhenol acting as a hydrogen bond acceptor, as in the case of
trlbu_lt_lrc])n o the t%[f‘l stab|l:zat!on Energy V;Q” Ee mmori proton accepting site of phenol dimer, the electronic transi-
The next stable complex is shown in i )fl(com'p €X' tion shows a blue shft and the O—H stretching frequency
B), in which the O—H group of phenol !nteracts W'th WO Lemains almost unchangéd.The present phenol-BDMA
B—Hbgrogps fOIhBDtMA f(c))rmrl_lngHa gaw ?f tiﬁgrcitedtd'hyg: o complex shows a small redshift of 89 ctin the electronic
S,Sn Hon:, 0 te g%e ¢ ~H(H- )2‘1 2?6 |Zs§0r/l§c LgeH_He transition and a large shift of 174 crhto a lower frequency
OI ;88 gc 82 Soancgsthar% H-H ' I ’ 1*50 1 in the O—H stretching vibration. Clearly, this does not fit to
izg ;‘:’ acr)e U 629" and the '+h angies are b "~ any of the cases described above. A survey of various hydro-
9°.-Once again comparison with structures o oranegen bonded clusters of phenol points towards the phenol—

amines reported in CSORef. 3 affirm the_ .forr_’nation of H,0),, which forms a cyclic structure with phenol acting
dihydrogen bonds. The structure and stabilization energy o s both a hydrogen bond donor and an acceptor. In this case

this complex is very much s'imilar (o the dihydrgoge.n bondedthe red shift in the electronic transition is only 133 ¢m
pheno_l—bor_a_ne-tnmethylamlnéphenol—BTMA?. Finally, while the O—H stretching frequency shows a substantial shift
the third minimum on the PES is a conventional hydrogen ¢ »eq 2 to a lower frequenc}? This trend is very simi-
bonded complex, which is shown in Figio (complexC). lar to that observed in the present case and extending the

In this c_omplex, the ac_idic A _BDMAform_s a hydrogen analogy it is reasonable to assume that phenol-BDMA forms
bond with the lone pair on phenolic oxygen with the hydro-a cyclic structure

gen bor?d'”g distance of 2.07 A and N-HD angle being From the stabilization energies of the complexXese
almost linear(176.5). It may bg ngted that th.e ;tructures of Table |), the upper limit for their relative abundance with
the complexed andC are qualitatively very S'T”"ar to thqse nozzle temperature of 310 K is 1: 0.05: 0.01, if one does not
calculated at RHF/6-31@, p) level, reported in our earlier account for the dynamic exchange between in the various

communlcgnqrf. RHF calculations also qonverged oN & isomers during the expansion. Therefore in all likelihood we
structur_e similar tOBZ hov_vever, the vibrational fr_equency_ would observe only the most stable complex, which clearly
calculation gave an imaginary frequency, hence it was d'shas at least 2 kcal/mol higher stabilization energy than the
carded. other two complexes, and indeed only one complex was ob-
served. Further, the shift in the electronic transition for iso-
mer B would be much larger to the red, and would be to the
Electronic and vibrational spectroscopic techniques ddlue in the case of isomeE. From these two sets of infor-
not give the geometrical parameters from which one can demation one can assign tentativélyas the probable structure
rive the structure directly. On the other hand, based on thef phenol-BDMA, as was done in our previous regort.
spectral shifts in the electronic and vibrational transitions It has been long realized that the IR spectroscopy of
one can get hints about the structure and make an educatsttetching vibrations of protic groups, such as O—H, N—H,
guess so as to what the structure can be. Phenolic O—Bind sometimes even C—H, is the most important spectro-
group acts both as an an acid and a base. In the electronicopic tool for the identification of hydrogen bondifigrhis
excited state the acidity of phenol increases while its basicitys due to the fact that these groups being involved directly
decreases which is the primary reason for the observed speare very sensitive to hydrogen bonded structures, and show a
tral shifts in the electronic transition upon complexation. Oncharacteristic shift to a lower frequency upon hydrogen
the other hand, the O—H stretching vibration of phenol moi-bonding. Comparison of the experimental with the calculated

C. Comparison between experiment and theory
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(a) Experiment O-H (3483 cm™)

N-H (3272 cm™)

(b) Complex A

Energy

I A

(c) Complex B \

Intensity (arbitrary units)

(d) Complex C Intermolecular Coordinate

FIG. 6. Schematic potentials for the ground and excited vibrational states of
ground electronic state along the intermolecular coordinate, illustrating the
origin of combination bands. Due to change in shape and minimum in the
potential with vibrational excitation combination bands are now Franck—
||||||||||||||||||1|||||||||||||||||F7—v—v—ﬁ Condon transitions between the two potentials.

3200 3250 3300 3350 3400 3450 3500 3550 3600 3650 3700

Frequency / em™

which phenol is both &di)hydrogen bond donor and a hy-
FIG. 5. Comparison ofa) FDIR spectrum of phenol-BDMA in the N-H drogen bond acceptor.
and O—H stretching regions, wiil)—(d) calculated spectra corresponding It is worth mentioning here that it has been found in
h I A-C, ively. . . N ) .
0 the complexes respectively. several instances, the N—H stretching vibration of aliphatic
amines has very small oscillator strength and is difficult to
observe even with sensitive fluorescence deted&#@iR) or
vibrational spectrum provides the basis for the structural asion detection(RIDIR) techniques/?* However, the N—H
signment, for the reason stated above. The comparison @froup in aliphatic amines gains substantial oscillator strength
experimental and calculated vibrational spectra is presentegbon hydrogen bondintf. In the present phenol-BDMA
in Fig. 5. The top pane]Fig. @] shows the experimental complex, the N—H stretching vibration of the BDMA moiety
spectrum, which is identical to one shown in Figo2butis  has a substantial intensity, which suggests that it might be
presented in an inverted ordinate, which reflects IR absorpnvolved in hydrogen bonding. Among the three isomers of
tion. Next three panel$Figs. §b)—-5(d)] show the calculated phenol-BDMA, the complexe#\ and C have hydrogen
vibrational (stick spectra corresponding to the complexesponding between the N-H of BDMA and phenolic oxygen.
A-C, respectively. Table Il lists all the observed and calcu-This is reflected in higher calculated intensities in their re-
lated vibrational frequencies along with the calculated intenspective spectra, in comparison with the isorBefThe ob-
sities. It is clearly evident from Fig. 5 and Table Il that the served intensity of N—H stretching vibration clearly indicates
agreement between the obsenj&dy. 5@)] and the calcu- ts involvement in the hydrogen bonding and supports the
lated spectrum of complek [Fig. Sb)] is excellent, both in  assignment oA as the structure of phenol-BDMA. Further,
terms of frequencies and also the intensities. This clearlyrom the calculated vibrational frequencies, we note that the
confirms that phenol-BDMA indeed has a cyclic structure inN—H stretching of BDMA moiety in phenol-BDMA shifts
by 63 cm! to a lower frequency. However, unlike O—H
stretching vibration, combination bands on N—H stretching
TABLE II. Calculated and experimental vibrational frequenciesi™) in ~ are not observed. This is due to much weaker N-B.
low-frequency and hydride stretching regions for all the three isomers ohydrogen bonding interaction relative to the O~t#i—B di-
phenol-BDMA. Calculated intensitis&m/mol) are given in parentheses. hydrogen bond, which can be inferred from much lesser
See text for detalls. shifting to a lower frequency of the N—H stretching vibration

Description A B c Experimefit (63 cm ) in comparison to the O—H stretching vibration
Soft 17(1.9 22(3.9 13(1.7) 19 (174 ent). . I
Soft 35(2:3) 31 (2:5) 29 (0:9) a1 The Iarge-amplltude3 low-frequency vibrational modes
Soft 42(7.3 41(3.5 42(0.9 44 (soft modeg probed by stimulated Raman spectroscopy have
Soft 50(4.1) 51 (6.9 57 (2.9 47 been used for the structural identification of weakly bound
N-H 3270(156  3330(18) 3277(294 3272 complexes, because they sample the motions related to the
O-H 3430437  3506(559  3653(53 3483 intermolecular interactiof?® The most notable examples

aExperlmentall soft modes are defined with respect O—H stretching at 3488€ those of (benzengdlusters®and also van der Waals and

em . hydrogen bonded complexes of benzonitfleThe final
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- ¢ TABLE Ill. Comparison of various bond lengtiid) of phenol, BDMA, and
@ EXpe“meml/ phenol-BDMA complexes. All the values are for the minima optimized at
B3LYP/6-31+ + G(d,p) level of theory.

l Bond Phenol BDMA A B C
O-H 0.966 0.976 0.974 0.966
c-0 1.372 1.374 1.366 1.386
7 N—H 1.020 1.025 1.021 1.025
E (b) Complex A B-H, 1.215 1.221 1.217 1.215
8 B—H, 1.214 1.213 1.214 1.215
5 B—H;, 1.214 1.211 1.210 1.215
= B-N 1.650 1.637 1.639 1.641
w
g
= (c) Complex B

Therefore the comparison is only between the frequencies.
At a first glance, it appears that all the three calculated spec-
tra are in reasonable agreement with the observed spectrum.
We examined (Av)?, the summed square of the deviation
(d) Complex C between the observed and calculated values, which serves as
a guideline to pick the right spectrum. TR{Av)? values

for the spectra (b), 7(c), and 7d) are 33, 34, and 144, cor-
responding to the complexds B, andC, respectively. Even
T e e R with some amount of uncertainty in accurately determining
0 10 20 30 40 50 60 70 80 the peak positions in the experimental spectrum and due to
the fact that the observed vibrations are the combination
bands, on the basis &f(A »)? values the possibility of third

FIG. 7. Comparison of experimental and calculated IR spectra of the lowisomer being responsible for the observed low frequency vi-

frequency vibrations of phenol-BDMA(@ Experimental spectrum, and brations can be absolutely ruled out. A closer look at the
(b)—(d) calculated spectra corresponding to the complexes A—-C, respec- ’

tively. The experimental spectrum is with respect to the O—H stretchingEXPerimental spectrum spectra presented in Fig), Teveals
vibration of the complex at 3483 crh and the arrows indicate the peak that the first two vibrations are widely separated and the next
positions. In the calculated spectra all the intensities are set to unity. See teiyo are much closer. Figure(ly) also shows a very similar
for details. pattern. This implies that complek, which is responsible

for this spectrum is most likely to be the structure of phenol—
MA.

Frequency / cm™

piece of evidence comes from the soft modes, which wereBD
observed in the FDIR spectrum in combination with O—H
stretching vibration. Though the vibrational selection rules
do not allow combination bands, their occurrence has been With the identification of the realistic structure of
reported in several hydrogen bonded compléXé&Figure  phenol-BDMA observed in supersonic jets, the next step is
6 shows the schematic representation for the origin of comto look at the structural changes in phenol and BDMA upon
bination bands. In the case of strong interaction between theomplexation. This is very essential for the comprehensive
hydrogen bond donor and acceptor, the shape and the mininderstanding of dihydrogen bonding. Apart from the most
mum of the PES along the interaction/intermolecular coordistable structureA, the observed phenol-BDMA complex,
nate changes with the O—H vibrational excitation, therebywe also take a closer look at the next stable com@ex;his
creating a situation similar to that of electronic transitions.is due to fact that both the complexes are dihydrogen
The combination bands therefore are Franck—Condon transibonded. FurthermoreB has the structure very similar to
tions between the ground and excited vibrational states gbhenol-BTMA?® which we have identified as a precursor for
O—H stretching. The observed combination bands, thereforéhe dehydrogenation reaction from the dihydrogen bond, fol-
are in principle soft modes of vibrationally excited state.lowing resonant multiphoton ionizatidR.

Nevertheless, we compare the observed frequencies with Table Il lists bond lengths of various groups for bare
those calculated for the ground vibrational state, with an asphenol and BDMA along with all the three phenol-BDMA
sumption that the changes in the PES are not substantiabmplexes. The structure & is discussed first, because in
upon vibrational excitation. This is indeed the case, becausthis complex phenol is just @i)hydrogen bond donor and is

a large change in the PES would have given rise to progresnuch simpler. In the comple&, as a consequence (@i)hy-
sions, which where not observed. Figure 7 shows the obdrogen bonding the O—H bond of phenol is lengthened by
served low-frequency vibratiod&ig. 7(a)] along with those  0.008 A. On the other hand, the C—O bond is strengthened
calculated for all the three isomefFigs. 1b)-7(d)]. The by 0.006 A, which implies phenol acquires more quinoidal
frequencies are also listed in Table Il along with the calcu-character upofdi)hydrogen bonding. These two changes are
lated intensities. In Fig. 7 all the calculated vibrations arevery similar to that observed in the case of phencJo®
presented with equal intensities. Since the transitions appedihis would directly translate to a decrease in O—H stretching
in combinations, it is not possible to calculate the intensitiesand to an increase in C—0O stretching frequencies. In the case

D. Structural changes upon dihydrogen bonding
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of BDMA moiety, the lengthening of the N—H bond is very 2420
small (less than 0.001 A which is expected, since the N—H

is on the other side of interacting groups. Among the three

B—H bonds, the one that is strongly dihydrogen bonde@6 2400
A H---H distance; B—H) is marginally elongated 0.002 A,

1

AN B B A |

while the length of weakly dihydrogen bonded B—H bond § 2380 -]

(2.30 A H--H contact distance; B—pl remains unchanged. 3, ] Vs o
However, contrary to our expectations, the noninteracting g ] v e :

B—H bond (B—H) is shortened by 0.004 A. Finally, the g 2360 ] S —_—
dative bonded B—N bond is considerably shortened, by 0.011 @ 1

A. This is because the electron density moves away from“;},

boron upon dihydrogen bonding, which is compensated by-_g- 2340

further electron donation from nitrogéthe amine lone pair, & {1 .
actually thereby decreasing the bond distance. Similar 5 v, —_—
changes were also seen in the case of phenol-BTMA. w220

In the case of the most form of stable phenol-BDMA, =
A, in which phenol is gdi)hydrogen bond donor and a hy-
drogen bond acceptor, the changes are more complicatec
Both the O—H and C—-0 bonds of phenol moiety are length-
ened by 0.01 and 0.002 A, respectively, due to withdrawal of 5559
electron density both from the O—H bond and the oxygen A BDMA B C
lone pair, analogous to phenol—{®@),.%° For the BDMA
moiety the N—H bond lengthens by 0.004 A, which, straight-
forwardly, is due to the hydrogen bond formation. Similar to
the complexB, the length of B—H bond involved in dihydro-
gen bonding increases by 0.006 A (BpHwhile the other
two noninteracting B—H bond®8-H, and B—H,) are short-

[ B B U B A B A S A B A

FIG. 8. Correlation diagram for the shifts in B—H stretching frequencies of
BDMA upon complexation. See text for details.

stretching frequencies of BDMA upon complexation. The

A _ . B—H stretching frequencies of BDMA and all the three
ened by 0.001 and 0.003 A, respectively. In this case th%henoI—BDMA complexes are also listed in Table IV. The

B__H bond (B-H) farthest from the Qihydrogen bonding Situation of complexC is most straightforward. Since all the
site shortens the 'ROSL The B-N dative bond, once agaig_ honds are marginally weakened, the complete manifold
shortens by 0.013 A. _ , _ of B=H stretching vibrations is lowered with the center of
. The structural changes of the interacting groups in thethe gravity shifting by—27 cmL. In the case of compleR,
dihydrogen bond, both O-H and B-H, are very similar t0,,ic, is purely dihydrogen bonded complex, the stretching

those observed in the case of conventional hydrogen boanequencies of interacting B—H bonds go down marginally

ing. On the other hand, the non-interacting B—H bond%” 6 cmY) while the frequency of the noninteracting B—H

shorten. Further, we also note that in the case of the thirdoond goes up by 22 c. This shifts the center of the grav-

conventional hydrogen b_onded cpmple@, all th_e three ity by +12 cm %, which implies that the average strength of
B—H bond lengthen marginally, while the groups involved N the B—H bond actually increases with the formation of dihy-

hydrogen bonding show similar characteristics. It can also bﬁrogen bonding. Since complek can be regarded as an

seen from Table IIl that the maximum contraction of B—H zqmivtire of8 andC, one would expect a frequency pattern
bond happens in the compld which is purely(only) di-  gimijar to that ofB but with center of the gravity lowered.

hydrogen bonded. Further, the contraction of B—H bondsyyg seems to be the case, however, lowering of the center of

which are not involved in dlhyd_rogen_ bonding is very the gravity is—27 cni %, much higher than expected. The

anomalous and should be further investigated. observed frequency pattern i can also be explained as

follows. The lowering ofv, is due to the dihydrogen bond

formation. The remaining two B—H bonds are almost identi-
The BH; group of BDMA has aCj local symmetry, cal and hasC, local symmetry thereby splitting into sym-

which gives a lower frequency totally symmetric stretchingmetric (v,) and antisymmetric stretchingy§). The actual

(v1) and two higher frequency, near degenerate, nontotallgituation could be a combination of both the effects giving

symmetric stretchingv, and v3) vibrations. The calculated rise to the observed pattern.

values ofvq, v,, and v, for bare BDMA are 2329, 2371,

and 2372 cm?, respectively. The formation of dihydrogen

bonded Comp|ex lowers the local symmetry of the 3BH TABLE IV. Calculated B—H stretching frequenci:ésm’l) of BDMA and

group; consequently the vibrational levels get split. From the’henol-BDMA complexes.

structural changes we have seen for the two dihydrogen g_p stretch BDMA A B c

bonded complexe8 andB, we can expect the shifting of at

E. The B—H stretching vibrations

B : o : ) vy 2329 2298 2325 2323
least one of the B—H stretching vibration to a higher fre o 2371 2357 2365 2361
quency. Vs 2372 2389 2394 2361

Figure 8 shows the correlation diagram for the B—H
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