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Comparison between hydrogen and dihydrogen bonds among H 3BNH3,
H,BNH,, and NH4

Tapas Kar® and Steve Scheiner
Department of Chemistry and Biochemistry, Utah State University, Logan, Utah 84322-0300

(Received 5 March 2003; accepted 15 April 2D03

Several possible binary complexes among ammonia-borane, aminoborane, and ammonia, via
hydrogen and/or dihydrogen bonds, have been investigated to understand the effect of different
hybridization. Mgller—Plesset second-order perturbation theory with aug-cc-pVDZ basis set was
used. The interaction energy is corrected for basis set superposition error, and the Morokuma—
Kitaura method was employed to decompose the total interaction energy. LB&HY, the sp?
hybridized HBNH,, also participates in H- and dihydrogen bond formation. However, such bonds
are weaker than thesp® analogs. The contractions of BN bonds are associated with blueshift in
vibrational frequency and stretches of BH and NH bonds with redshift. The polarization, charge
transfer, correlation, and higher-order energy components are larger in dihydrogen bonded
complexes, compared to classical H-bonded ammonia dimer20@ American Institute of
Physics. [DOI: 10.1063/1.1580093

INTRODUCTION kinds of hydrogen atoms (H and H*) are present are
nown as dihydrogen bond®HB).}” They are represented

The study of hydrogen bonding has been an active fiel
ey ydrog g ve y the notatiorM —H---H-Y, whereM refers to an element

of research for several decade$and its role is well estab- | | Ve than hvd and onal
lished in the stabilization of biological macromolecules, en- ess electronegative than hydrogen O a conventiona

hancing the selective binding of substrates to their enzyme§,leCtr°neg""t'v(_3 atom or group. Transition/ alkall metals'and
base pairing in nucleic acids, and as a precursor to protonoron are typical elements that create partially negatively

transfer reactions. H bonds are represented by the notatidiiiarged hydrogens. Transition-metdd complexes involv-
X—H---Y, whereX andY refer to conventional proton do- N9 M-H---H—B types of interaction are already in the front
nors (such as O—H or N—Hand acceptorga lone pair of line of theoretical and experimental investigatiofis®® Such

electrons of an electronegative element, such as O, N, dfihydrogen bonds were identified in several x-ray crystal
i tructures,”?®?’in solution?®%°and the gas phasé-*?Like
halogeng respectively. Hydrogen bonds that make use of = v gas pnh B
other than these donors and/or acceptors are commonfPnventional H bonds, the dihydrogen bond is gaining atten-
termed unconventional H bonds. Different types of uncontion because of its role in the synthesis of supermolecules,
ventional hydrogen bonds have been repdrthding the last ~ reactivity, and selectivity in solution, gas phase, and in solid
decade. For exampler-hydrogen bonds° (where the ac- State, and in designing catalysts for asymmetric hydrogena-
ceptors correspond ta electron densityand C—H--O/N  tion. Some attempts have also been made to investigate di-
bonds~*3(where the donors are C3Have been described. hydrogen bonding exhibited by molecules involving main
We have recently reportétia comparative study of these group elements, such as LiH, HBeH, BHAIH;.?%%"*'Re-
three sorts of H bonds involving aromatic amino acids andsently Custelcean and Jackédrneviewed the energetic and
H,0. geometric aspects of various dihydrogen bonds.

In all theseX—H:--Y H bonds, the bridging hydrogen Several structural and energetic similarities have been
atoms lose electron density white(C, O, N, etc) andY (O,  observed between the conventional H bond and the dihydro-
N, halogens, andr systemg atoms gain. The literature also gen bond. The noncovalently bonded-HH distances in
contains references to a completely different type of hydroM—H:---H-X (M =transition metals, B, Li, etg.systems
gen bond, where the bridging hydrogen atom gains electrontypically range from 1.7 to 2.4 A—similar to -HY dis-
and other nonhydrogen atoms accept them. For exampléances in conventional H bonds. The heats of interaction for
X—H®---Y is such a bond wher¢ andY represent electron these systems also lie within the range of typical H bonds,
deficient or electropositive atoms, such as LiH, Beldnd  viz. 3—10 kcal/mol. The linearity of normal H bond<e., the
BH, . This type of hydrogen bond is termed “inverse” H X:--H-Y angle is close to 180°) is also preserved in uncon-
bonds®® Such a bond, involving bridging lithium atotsuch  ventional H bonds. The +:H—X angles generally lie within
as Li—H--Li—H) as in linear (LiH),, is also known as an Li 160-180°. However, th#1—H:--H angles are found to be
bond?® strongly bent, falling in the range of 95—130°.

Another class of unconventional H bonds where both  The first theoretical investigation on dihydrogen bonding
of the H;BNH; dimer by Richardsoet all” showed that the

dAuthor to whom correspondence should be addressed. Tel.: 1-435-79Btructure is cyclic and_ of C; ] Symmetr_y' with  two
7230; Fax: 1-435-797-3390; Electronic mail: tapaskar@cc.usu.edu B—H:--H—N bonds. Popelié? studied a particular structure
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(Cs symmetry of (H3;BNH3), with three B—H--H-N
bonds, two of which are identical due to the presence of a 191 /|
mirror plane. Using the theory of “atoms in molecules,” they ==\
found two dihydrogen bonds that differ in strength. Cramer

and Gladfelte¥ further extended the investigation by com-

paring dimers of HBNH;, H;AINH;, and HiGaNH;. Us- B, H‘

ing extended levels of theory, they found g, structure of H 1216

(H3BNH3), to be the global minimum, whereas the other , D2 AE = -14.13
dimers haveC, symmetry. Further, the H-bond energy de- 1,204 . ‘ 1207 H.

creases from boron to gallium in this series. - : 1%%9

Most of the systems involviniyl —H- --H—N bonds con-
sidered so far contaiep® hybridized N andM (A=B, Al,
etc). Very recently, Aime and co-workeis**® reported
Os—H:-‘H-N bonds where imine ligands(such as
HN=CPh, and HN=CHCH;) are coordinated with an os-
mium complex. Different H-H distances have been re-

1.401][ 1oﬁ\ﬁ)1/o:;
AN
AE=-2.10\“~\~]./ E)\H

ported by these authors, such as 1.79 A in the crystal struc D3

ture (x-ray data and 2.00 A in solution(NMR datg. A 1\ 1208 .. 2218

similar DHB bond is slightly longer in other amine 1.401 /36 1.0:3/(BL\H
complexe$®4' They also observed that the dihydrogen bond /5 & 1% 1.402
distance strongly depends on the polarity of the sol¢ent. 1.204 1.013

They concluded that, when typical H bonds are not present -~ 3.054—

weaker unconventional dihydrogen bonds become importan AE =-1.28

in driving the stereochemisiry of the complexes. OtherFIG. 1. Geometric paramete(® A and degregsof monomers and dimers

example§6'48 of dihydrogen bonds such as Ir~+H-N also of H3BNHj; (D1) and H,BNH, (D2 andD3), along with interaction energies
seems to havep2 nitrogens because of planarity at N due to (AE in kcal/mo). The second set of values corresponds to the experimental
delocalization of lone pairs. Thus it looks as though dihydro-geometries.
gen bonds, where the proton donoes=K—-H’") are sp?
hybridized, also play an important role similar to thej®
counterparts. However, the influence of the hybridization orfhe energies of the complex and monomer units, and cor-
several aspects, such as structure, energetics, etc., of dinigcted for basis set superposition er(BSSB via the stan-
drogen bond is still unknown. dard counterpoise methd8. The energy of dihydrogen

In the present investigation, we explore the possibility ofoonds Epyp) is estimated by dividing\E by the number of
dihydrogen bond formation in compounds where both B anduch H--H bonds in the complex. Charges on individual
N are sp? hybridized. In addition we also consider com- atoms were calculated using natural population scterme.
plexes arising from the combination of different types of calculations have been carried out using theussiANos

hybridized HBNH, molecules, wherev=3 (sp®) and 2 (Ref. 54 package ofab initio codes. Total interaction ener-
(sp?) forming B—H --H—N bonds). Complex formation of ~gies were decomposed via the Kitaura—Morokuma scheme

H,BNH, molecules with ammonia via conventional @simplemented in theAMESS program:® Electron densities
N—H---N bond has also been studied for the purpose of comand their shifts were displayed usivpLDEN program:’
parison. Along with the energetic aspects of the interaction,

structural and spectroscopic markers are computed Using ResyLTS AND DISCUSSION

high level of theory.
g y H;BNH; and H,BNH, dimers

Calculated and available experimental geometric param-
eters of the monomers are displayed in Fig. 1. For the mono-

The structures of the monomers and complexes studiethers, MP2 predicts bonds slightly longer than experiment
herein are obtained at the level of Mgller—Plesset perturbg-H;BNH;,*8~%°H,BNH,,%*~%3and NH, (Ref. 64]. The BN
tion theory (MP2) with frozen core approximatioff. Dun-  bond length of HBNH, is significantly shorter than that of
ning’s correlation-consistent polarized valence-double-zet&l;BNH;, indicating double bond character in the former.
(aug-cc-pVDZ basis séP>*augmented by diffuse functions The NH distance irsp® hybridized HBNHj; is close to that
is used throughout. A previous investigattbindicated that of ammonia, and this bond contracts as the hybridization
this basis set, without diffuse functions, is quite adequate t@hanges fronsp? to sp?. The BH bond length also shrinks,
describe the structure and stability of dihydrogen bonds inand the change is more pronounced compared to NH bonds.
volving boron and nitrogen atoms. Geometries are fully op- The H;BNH; dimer (D1), as shown in Fig. 1, exhibits
timized without any symmetry constraints. Vibrational analy-four equivalent H--H bonds involving one N—H hydrogen
ses at the same levgMP2(FC)/aug-cc-pVDZ have been and two B—H hydrogens of each monomer. The same struc-
performed to identify true minima. Interaction or dimeriza- tural arrangement of ($BNH3), had been reported earlier
tion energies AE) are obtained as the difference betweenby Cramer and Gladfelt& using the cc-pVDZ basis set. In

METHOD OF CALCULATIONS
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TABLE |. Vibrational frequencie®” (v) of the monomers, their shiftA1?), and changes in bond length&r) caused by complexation.

vandAv N(sp®)—H N(sp?)—H B(sp®)—H B(sp?)—H NH,
(cm™1) B-N B=N as/s as/s as/s as/s as/s
HsBNH; 651 3610/3470 2536/2473
608 or 968 3386/3337 2415/2340

H,BNH, 1345 3728/3610 2693/2609

1337 3534/3451 2564/2495
NH; - 3636/3480

3494/3337

D1 66 —67/-84 —-52/-31
D2 16 —19/-20 —-10/~11
D6 29 11 —30/-20 —44/-74 -21/-13 —15/-16
D7 40 —71/-178 —41/-24 —32/-18
D12 15 —44/-123 —28/-22 —-12/-7
D11 —39/-33
Ar (A)
D1 —0.026 0.008 0.006
D2 —0.003 0.002 0.003
D6 -0.012 —0.002 0.003 0.007 0.003 0.003
D7 —0.018 0.013 0.005 0.003
D12 —0.004 0.009 0.003 0.001
D11 0.004

%as and s stand for asymmetric and symmetric stretching frequencies, respectively.
bThe underlined frequencies correspond to experimental values.

the present investigation additional diffuse functions were  The change of hybridization fromp® to sp? causes sig-
added to the cc-pVDZ basis set to better describe negativelyificant lowering in dimerization energy. Th&®E value is
charged nitrogen atoms. Addition of diffuse functions in theonly —2.1 kcal/mol for structureD2, which exhibits two
basis set(aug-cc-pVDZ causes slight lengthening of all equivalent H--H bonds. Thus each dihydrogen bond has an
bonds except B—N, and the bond angles remain almost urenergy of about 1.0 kcal/mol, which is about one-third that of
changed. sp® hybridizedD1. The Epyg of singly H --H bondedD3 is
Dihydrogen bond formation of #BNH; is accompanied found to be 1.3 kcal/mol, which is close to that@®. The
by minor lengthening of participating B—Hby 6.0 mA) and  H---H distance oD1 is elongated by 0.05 A iD2 and 0.23
N—H bonds(by 8.0 mA) (see Table), and significant short- A in D3, and this lengthening may not be attributed solely to
ening of the B—N bond by 26.0 mA. The HBH (114.0°) and the change of hybridization. The other factor involved is the
HNH (107.7°) bond angles of #8NH3; remain almost un- number of such dihydrogen bonds: four i, two in D2,
changed. The dihydrogen bond distance §BNH5 is 1.986 and one inD3. As the number of attractive interactions be-
A and the BSSE corrected interaction or dimerization energgyween N~ —H°* and H~—B°" increases, the monomers
(AE) is —14.1 kcal/mol. Thus each-HH dihydrogen bond come closer.

between N¢p®)—H’" and H~—B(sp°) is assigned an en- Several different dihydrogen bonded HBNBI hybrid-
ergy of 3.5 kcal/mol. ized dimers have been considered: antiparalimilar to

Two different structures were investigated for theD2 structur¢, head to tail, L shape <B-—H:---H(N)
H,BNH, dimer where both B and N atoms as@® hybrid- =90.0°], and a bent form where<B—H---H(N) varied

ized. DimerD2, where two HBNH, units are placed side by from 90 to 130°. In all these cases, the HH interaction is
side with roughly antiparalled BN bonds, forms two equiva-repulsive and it appears thap hybridized HBNH does not
lent H --H bonds. The second possible head-to-tail structur@imerize via H--H bonds. HBNH prefers to dimerize via a
(D3) exhibits a single dihydrogen bonfA third structure  B,N, ring and the dimerization energy is more than
(not shown containing two equivalent H-H bonds in head- —50.0 kcal/mol.  Similar four-membered ,R, ring
to-tail arrangements has one negative frequency, and the ditructuré® of sp? hybridized (HBNH,), is also stable and
hydrogen bond distance of 2.5 A is larger than the typicathe dimerization energy is much highday about 16.0 kcal/
range of 1.7-2.4 AiM—H---H-X.] The H--H distance of mol) than the most stable dihydrogen bonded struch@e
2.037 A inD2 indicates that this dimer can be classified as a

dihydrogen bonded system. This complex also exhibits bon?/lixed dimers

angles characteristic of unconventional H bonds: almost lin-

ear N—H--H and highly bent B—H-H bond. The NH and The first mixed dimer considered is the combination of
BH covalent bonds stretch marginally, relative to the mono-sp® andsp? hybridized monomers, i.e.,§BNH;—H,BNH,.
mers, by 1.0-3.0 mA. The-HH distances irD3 differ sig-  Both of the monomers contain N-°H as well as B—H~
nificantly, one being only slightly longer then the typical units to form H--H bonds. Thus three different dihydrogen
R(H---H) of 2.2 A. The other HH distance of 3.05 A sug- bonded structures can be constructed form these monomers,
gests a nonbonding contact. illustrated in Fig. 2. In dimeb4, a single N—H--H-B DHB
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D4 dihydrogen bond energy. However, as a crude approxima-
NLA00 1015 2089 ;2;]2 tion, out of the—5.5 kcal/mol total, about- 3.0 kcal/mol is
¢ 11688%9 1656 /, attributed to the shortest-HH bond. This estimate was
1013 ™ ’ E&H made by comparing HH distances betwda# and D6 and
AE = -3.01 3'259\.1{ 1219 their Epyg . The rest~—2.5 kcal/mol comes from the other

H—H attractive interactions, where the $f)-H and
H—-B(sp?) interaction may have some contribution despite
long HH separation. In fact the interaction energy 6
lowers from —5.54 to —4.94 kcal/mol when hydrogens of
(HB)H and H(NH,) are further separated by 1.0 A from the
optimized value of 2.616 A, while keeping other geometric
parameters, directly involved in-HH bonds inD6, almost
the same. Thus an energy of abou0.6 kcal/mol seems
sensible for such a long-HH interaction. It is worth men-
tioning that the concerned hydrogen is closer to the BN
double bond.

The N-H and B—H bonds involved directly in- HH
bonds stretch, relative to monomers, by 2—7 mA. Single
B—N bond in all three mixed dimers shrirfky 7—12 mA
upon dimerization but to a lesser extent compared to that of
(H3BNH3),. The contractions of the=B-N bond are mini-
FIG. 2. Geometric paramete(®s A and degreesand interaction energies mal compared_ to .B_N .Smgle .bon_ds_. The BH{ and
(AE in kcal/mo) of different isomers of EBNH;—H,BNH, complexes. ~NH---H angles in mixed dimers lie within the 80—100° and
Numbers of negative frequencies are given in parentheses. 136-177° ranges, respectively.

It can be seen that NH &fp? hybridized HBNH, forms
a stronger DHB compared to itsp® counterpart. On the
other hand, dihydrogen bond involving 8¢°)—H is stron-
ger than that of B§p?)—H.

DS

bond is formed between the NH of,BNH, and HB of
H3BNH;, i.e., sp’(NH)—sp*(HB) combination. In dimer
D5, both the monomers db4 are inverted making p>—sp?
combination of N—H (HBNH3) and H-B (KBNH,), re-
spectively. In the last cas@6), multiple DHB bonds are
formed between the monomers, similar to the dimer of  Several possible combinations of BNH, (n=3 and 2
H;BNH; and H,BNH, as shown in Fig. 1. with NH; via both dihydrogen and conventional H bond
DimersD4 andD5 each exhibit a single H-H bond and  were considered. Four arrangements have been investigated
the R(H---H) is shorter by 0.13 and 0.09 A than that of for both H;BNH;—NH; (D7-D10) and H,BNH,—NH;
singly H--H bondedsp? hybridized (HBNH,), (D3), re- (D12-D14) and these dimers are shown in Figs. 3 and 4,
spectively.(It may be noted thaD5 has a negative frequency respectively. For the sake of comparison, the N-N
of —8.0 cm ! and is thus not a true minimum on the PES. H-bonded ammonia dimgD11 in Fig. 3 was also studied.
Of the three single H-H bonded dimers(D3-D5), the Complete geometry relaxation during optimization of
strongest dihydrogen bon¢B.0 kcal/mo} is found in D4  H3;BNH3;—NH; leads to theD7 structure, where both dihy-
where NH issp? and BH issp® hybridized. TheEp, g value  drogen and regular H bonds exist. In this dimer the;NH
is lowered by 0.8 kcal/mol in the reverse situation, and themolecule acts as both proton acceptor as well as donor. A
weakest of the three single- HH bonds is found in purely similar structure for HBNH;—NH; was obtained by Li
sp? hybridizedD3. Like the conventionaK-H---Y H bonds, et al®® using MP2/6-3% + G** . The H--H distance of 2.5
a near linear relationship exists betwe®&H---H) and A is beyond the typical limit for a dihydrogen bond. How-
Epus: as the distance decreases, the dihydrogen bond getwer, a distance of 2.4 A between the OH proton and the
stronger. Ir—H has been reported by Steveretsal ¢’ (It may be noted
The most stable mixed #BNH;—H,BNH, dimer isD6  that the MP2 distances are slightly longer than the experi-
with three close H-H distances. Such different H—H dis- mental values.The interaction energy of 8.7 kcal/mol was
tances have also been observed by Patawadl®? in  reduced to— 7.0 kcal/mol when the dihydrogen bonds?
phenol-aniline complexes. The shortest distance of 2.015 Avere removed, as shown 8. TheR(H:--N) lengths inD7
between N§p?)—H and one of the H-B{p®) fall in the  andD8 are very close, while th&(NN) distance increases
range of a typical dihydrogen bond. The second HH distancey about 0.08 A inD8. The major change is found in the
involving the same groups is only slightly shorter than theopening of the N—H-N bond angle inD8 by about 27°,
upper limit of typical H--H distance of 2.4 A. The distance compared td7. The energy cost of a similar reorientation in
between N¢p’)-H and H-BE&p?) is much longer (NHs), is found to be less than 0.5 kcal/nfoThus the two
(~0.2 A) than the limiting value and thus should not beH---H bonds ofD7 appear to contribute a small fraction of
considered a dihydrogen bond. Because of nonequivalerthe total interaction energy, despite the large HH separation.
H---H bonds in this dimer, it is difficult to assign a single Compared to ammonia diméb11), the interaction en-

Complexes with NH 5
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‘ The single H--H bonded structureD9, between
H H;BNH; and NH;, was obtained by freezing the B~+HH

g e angle at 180.0°. It may be noted that this structure is not a
1772 \ local minimum. Nevertheless this interaction is attractive and
Ry =3.019 the interaction energy is-2.1 kcal/mol. The effect of the

B—H---H angle onR(H---H) and interaction energy of
single dihydrogen bondedNBH;—NH; has been studied
1.022 by varying<B-H---H from 80° (D10) to 220° via 180.0°

H M (structure as shown iD9). ExceptR(H---H), all other geo-
metric parameters were kept constant as obtaindaBimnd
the N-H--H angle was fixed at 170.0°. Moving ammonia
from D10 arrangement t@9, has practically no effediess
than 0.5 kcal/mgl on total interaction energy. The energy
variation with B—H--H angle crosses through two minima at
100.0 and 180.0°. The -HH distance remains almost un-
changed until the B—H-H angle reaches 120°, after which
further bending of this bond causes stretchindr0H- - -H).
Moving of NH; molecule in the other directiofi.e., towards
the other nitrogenlowers theEpyg; the maximum change
of about 1.3 kcal/mol occurs at 220.0 and tREéH---H)

& 1o t value changes marginally.
Ryn=3266  AE=-2.74 The most stable structure of,BNH,—NH; is D12 (as

FIG. 3. Geometric parametefim A and degregsand interaction energies shown in Fig. 4. The interaction energy of 4.5 kcal/mol

(AE in kcallmo) of different isomers of EBNH;—NH; complexes. Num-  Originates primarily from the conventional N-HH-H
bers of negative frequencies are given in parentheses. bond. This H-bond energy is almost half of that of

H;BNH;—NH; (D7). However, it is stronger than that of the

ammonia dimeXD11). The NN and H--N distances 0D12
ergy of regular H-bonded complexes o§BNH;—NH; (D7 are almost intermediate betweB7 andD11. Similar toD7,
and D8) is quite high. The presence of electron deficient—one of the hydrogens of Nf-bf D12 is oriented towards one
BH; makes HBNH; a much stronger proton dond®(NN) of the H atoms of BH. However, the distance of 3.14 Ais
decreases in the ordé11>D8>D7, and the interaction too long to designate it as dihydrogen bond. Single dihydro-
energy follows the reverse pattern. A nearly linear relation-gen bonded EBNH,—NH; (D13) was obtained by fixing
ship exists betweeR(NN) and AE, similar to that com- B—H---H angle at 180.0°. The H-H bond energy is less
m0n|y observed in conventional H bonﬂs_ than 1.0 kcal/mol. Dependence (H‘ “H) and dihydrogen
bond energy on the B—HH angle is verified by varying
this angle from 909D14) to 220°. The N-H:--H angle was
kept fixed at 170.0°. The dihydrogen bond energy is even
less sensitive on such wide variation €B—H---H, com-

AE =-7.00 (1)

H1.218 2,005
ﬂ &
180.0 155.0

AE =-210 (2)

314z pared to itssp> correlate. However, one minimum in the PES
Hi is located at 100.0°. The-HH distance remains close to 2.2
163.7 1021 A until the angle reaches 120.0°. Further motion of ammonia
oo yg T towards the other hydrogen of BHone such structure is

D14) causes larger separation between proton donor and ac-
D13 ceptor.

1021 yp Electron density shift
®'¢ Upon classical H-bond formation, a certain amount of

electron density transfers from the proton acceptor to the
donor moleculé.In addition, there are some rearrangements
of density within the confines of each monomer. In this sec-
tion, we compare the electronic changes that accompany the
formation of the dihydrogen bond with those within a con-
ventional H bond. In order to avoid the arbitrariness of popu-
lation analysis schemes to assign charge to various nuclei,
maps of electron density shift in the entire space of the com-
AE =-0.69 (1) plex are used.
FIG. 4. Geometric paramete(® A and degreesand interaction energies The shifts of electron density that result from the forma-

(AE in kcal/mo) of different isomers of BBNH,—NH, complexes. Num- j[ion of the' Cla§3ical H_ bond in ammonia dimed11) are
bers of negative frequencies are given in parentheses. illustrated in Fig. 5. This map has been generated, point by
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D11

FIG. 5. (Color) Shifts of electron density occurring in ammonia dimer as a
result of formation of the complex. Blue region denotes gain, and red re-
gions represent loss. Contour illustrated corresponds to change by 0.001 au

b

point in space, by taking the difference between the densities
in the dimer and isolated monomers. Blue regions of Fig. 5
represent the accumulation of additional electron density as a
result of H-bond formation; red regions indicate loss of den-
sity. The most common feature of conventional H-bond for-
mation includes the red region that surrounds the bridging
hydrogen atom, consistent with the well-established notion
that this bridging hydrogen loses density. The regions 0FZIG. 7. (Color) Shifts of electron density occurring ingBNHz;—H,BNH,

charge buildup on the near side of the proton acceptor, b&vmplex(a) and HBNH,~NH, 7 complex(b) as a result of formation of
tween bridging hydrogen and nitrogen, and peripheral rethe complex. Contours illustrated i@ and (b) corresponds to change by

gions of the donor molecule are also common for typical HO-001 and 0.0002 au, respectively.
bonds. The overall charge transfer from proton acceptor to

donor is about 0.014 electrons, as measured by natural popu-
lation analysis. protor(s). Thus overall charge transfer from one monomer to

The density difference plots of (¢BNHs), and other is nullified by equivalent numbers of dihydrogen bond

(H,BNH,), are shown in Fig. 6. In both cases, each mono_formation. As in the case of the classical N—HN bond, the

mer behaves as donor and acceptor at the same time; hydrdid9ing NH proton of both monomers loses densitgd

ger(s) of BH, unit acts as proton acceptor and NHonates regions. The blue regions near the proton acceptor BH hy-
drogens are similar to that of the acceptor nitrogen in ammao-

nia dimer. In general, the patterns of gain and loss of electron
density are qualitatively similar for both types of H bonds.
Differences of magnitude of charge build up and depletion
are very roughly proportional to the interaction energies of
each complex.

The same pattern extends to the mixed dimers, wherein
one of the monomers isp® hybridized while the other is
sp?. The density difference between the most stable mixed
dimer D6 and constituent monomers, with more than one
dihydrogen bond, is plotted in Fig(&. Since these H-H
bonds are not equivalent, as in the cases gfB[RH;), and
(H,BNH,),, the sizes of the blue regions of charge gain
near proton acceptor hydrogens of Bldre also different.
The pattern around the JBNH5; molecule in mixed dimer
D6 is similar to that in the EBNH3; dimerD1. Similarly, the
H,BNH, patterns inD6 and D2 are also not very different.
The charge shift from thep? monomer to thesp® is only
1.0 millielectron (me) as measured by natural population
analysis.

In order to examine the possibility of a—hydrogen
bond, the HBNH,—NH; [Fig. 7(b)] complex has been ar-
ranged such that the H—N bond of ammonia approaches the
B=N double bond of HBNH, from above. The optimized
distance between the hydrogen and the mid-point of the BN
double bond is 2.65 A, close to that foundD®. The density

FIG. 6. (Color) Shifts of electron density occurring in gBNH,), (a) and difference plot of this complex is illustrated in Fig(bJ. It

(H,BNH,), (b) dimers as a result of formation of the complex. Contours €8N be clearly seen that the blue region, b_U”d_Up near the
illustrated correspond to change by 0.001 au. B=—N bond, extends toward the proton, which is a charac-

n-complex

D1
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of H;BNH; by MP2/6-31 +G** . % The B—=N stretching
frequency of HBNH, estimated by MP2 theory is in good
agreement with the experimental val(ia gas phas®). In

a general, theoretical frequencies of BH and NH bonds are
slightly overestimated, by a factor of about 1.049, compared
to the experimental values.

D7 The changes in BN, BH, and NH frequencigsv) and

bond lengthgAr) of the monomers upon H and dihydrogen-
bond formation are summarized in Table I. The contractions
of BN bonds are associated with blueshifts and the stretches
of BH and NH bonds with redshifts. Contractions of the
B—N bonds are more pronounced than those £, and
thus the blueshift of B—N observed irsBNH; complexes is
larger than irs p? analogues. The redshift in both ${¢*) —H
(Refs. 31 and 3Rand NEp?)—H (Ref. 46 has been re-
corded experimentally. However, the H—N bond of ammonia
shrinks by 0.001 A in ther complex of HBNH,—NH; [see
Fig. 7(b)] and a blueshifiredshif) of +9.0 (—8.0) cm !

has been found for asymmetrisymmetri¢ band of N—H
bond.

D12

Energy decomposition

A breakdown of the molecular interaction energy into a
FIG. 8. (Color) Shifts of electron density occurring insBNH;—NH; com- number of cor_nponems can offer insight into the fundamental
plex (a) and H,BNH,—NH; (b) as a result of formation of the complex. hature of the interaction. One popular means of such decom-
Contours illustrated correspond to change by 0.001 au. position is via an approach attributed to Kitaura and
Morokuma&® in which the electrostatic energfeS) repre-
- - nts the classical lombic for tween the char is-
teristic feature of H bonds and the bridging H suffers the St (e classica Coulombic force between the charge dis

. . . tributions of the two partner molecules. The exchange energy
usual density loss. The interaction energy betwegBNH, (EX) is associated with the steric repulsion that arises from
and NH; in this structural form is— 1.5 kcal/mol (without P

BSSE correction Thus the possibility ofr-hydrogen bond the overlap of Fhe monomer charge clouds. The remaining
. components arise when the two molecules are permitted to
formation cannot be ruled out.

These characteristics of charge shifts upon H-bond for_perturb the electron clouds of one another. The polarization

mation are also charecteristic of the;BNH;—NH; and (POL) apd charge transfelCT) contrl.butlor)s r.epr.esent the
N energetic consequences of electronic redistributions that oc-
H,BNH,—NH; complexes, as shown in Fig. 8. It was men-

tioned in the previous section thagBNHs—NHs is the only cur within the confines of a single molecule and those that

complex where Ni acts as both acceptor and donor, at theCroSs from one molecule to the other, respectively. The mix-

same time. The red regidas shown in Fig. &] around the Ing term (MIX) or higher order coupling arises from the
. failure of the above four terms to fully account for all aspects
hydrogen of NH, facing the BH segment, further supports

this fact. The loss of charge on the same H atom ofstpe %ft;?aeci::)tsr:ﬁg?n).(g (I;]Igllg ;gﬁt;?‘g%ﬁgogrgﬂ:Zc;nﬁgtngz.éﬁe
complex[Fig. 8b)] is insignificant compared to that of its 9 b )

3 contributor as well as additional factors.
sp°® counterpart. In both complexes, the proton acceptor am- h s to the interaction eneraies of the
monia loses charge: 39 me D7 and 26 me inD12. . The energy componEenNts 10 the 9
different complexes studied herein are reported in Table II.

(It may be noted that the sums of these components are
slightly higher than the total interaction energies shown in

Vibrational frequencies of the monomers and the comFigs. 1—-4, due to the basis set superposition correction to the
plexes were calculated at the MP2/aug-cc-pVDZ level andnteraction energies reported in the figyré®r the sake of
the results are summarized in Table I, along with availableeomparison, conventionally H-bonded ammonia dimer is
experimental frequencie§®®%3The major discrepancy be- also included in the table. Inspection of the data in the last
tween theory and experiment occurs in the stretching vibraeolumn (D11) reiterates the generally accepted notion that
tion »(B—N) of H;BNHj3. In fact, the experimentdl B-N  the conventional H bond is largely electrostatic in origin,
stretching frequency estimates vary between 608 andith much smaller attractive contributions from polarization,
968 cmi L. (It is worth mentioning that the experimental IR charge transfer, and dispersion. Exchange repulsion is com-
spectra of HBNH; are somewhat complicated due to the parable, although smaller in magnitude, to ES, and of oppo-
presence of polymeric species in the effusion vgpdhe  site sign. The sum of ES and EX terms is slightly attractive
present MP2 frequency of 651 crhis close to the former (—0.26 kcal/mol). The dipole—dipole interaction is only
value. A value of 671 cm® has been predicted foXB—N) 15% of the full ES suggesting it furnishes a very poor ap-

Spectroscopic features
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TABLE 1. Decomposition elementskcal/mo) of interaction energies of complex@salculated with aug-
cc-pVDZ basis set.

D1 D2 D6 D7 D12 D11
ES —19.59 —2.68 —7.79 —15.14 —8.14 —5.15
Dip—dip® —13.67 —0.62 —1.45 —4.39 —1.42 —0.80
EX 17.73 4.47 8.77 13.69 7.99 4.89
ES+EX —1.86 1.79 0.98 —1.45 —0.15 —0.26
POL —14.63 —0.95 —4.23 —5.45 —1.95 -0.92
CT —6.54 —1.50 —2.81 —3.98 —2.17 —-1.20
MIX 13.01 0.74 3.79 4.37 1.37 0.51
CORFK —6.16 —-2.31 —3.93 —3.56 —2.93 —1.50

@Uncorrected for BSSE.

bSee Figs. 1—4 for the structures.

‘Coulombic interaction between dipoles of subunits.
dCORR=AE(MP2)—AE(HF).

proximation. A small repulsive contribution arises from the not be assessed correctly. To understand the effect of hybrid-
MIX component. ization on dihydrogen and H bonds, interaction energies,
In H3BNH; dimer (D1), where the interaction energy geometric parameters, and vibrational frequencies of single
resides in the four equivalent B-HH-N dihydrogen N-H---N and N-H--H-B bonded systems are summarized
bonds, the POL, CT, MIX, and CORR terms contribute sig-in Table III.
nificantly. Such high contribution from the polarization en- The upper section of this table shows different properties
ergy (75% of the E$is connected with considerable shift in of conventional N—H -N H-bonded complexes betwesp®
electron density within the monomefisee Fig. 68)]. The CT  hybridized HBNH; and ammonia, andsp? hybridized
contributes about 35% of E®By symmetry, there is no total H,BNH, and ammonia. For the sake of comparison, ammo-
charge shift from one monomer to the othércloser look at  nia dimer is also included. The strongest H bond is found in
the natural charges of the monomer reveals that 0.33 electrgd,BNH,;—NH,, followed by HBNH,—NH; and then
shifts from the HN unit of H;BNH; to BH; because of the (NH3),. Thus the presence of Brand BH; group enhances
dative HsN—BH; bond. The amount of charge transfer the stability of the N—H N bond.R(H:--N) distance elon-
within the monomers increases to Ge3@pon complexation. gates as the bond gets weaker. The stretches of donor H—N

The electron correlatiofCORR) term is almost of the same ponds are associated with redshifts. These changes are great-
magnitude as CT, whereas the contribution from higher-ordegst in the strongest H-bonde®8 dimer in the group, and

term (MIX) is repulsive and is almost double CORR. decrease as the bond weakens.

The exchange repulsion @2 does not follow the same The properties of single B—HH-N dihydrogen bond
trend as found in conventional H bonds. In tkig® hybrid- formed by different hybridized B—KIN—H) with a common
ized H,BNH, dimer, the EX is significantly larger than ES. N_H (B—H) are grouped in the next section. The first group
The EX of D6 is only slightly larger than ES when one represents DHB betweesp® and sp? B—H, and N—H of
monomer issp? while the other issp®. Thus it appears that ammonia. As in the case of the conventional H bond, change
dihydrogen bonds involving=N—H and—=B-H are differ-  of nypridization fromsp® to sp? lowers the dihydrogen bond

ent from the classical H bonds. Exchange repulsion energie@nergy_ Comparison db9 with D8 and D13 with D12 indi-
of D7 andD12 follow the similar trend as noted for ammonia -tes that conventional N~HN bonds are much stronger

dimer. The sum of ES and EX results in a positive valuéinan N—H--H—B bonds. Bothsp® and sp? B—H bonds
(repulsive for D2 and D6. _ shrink and undergo a blueshift. In the case gBNH,—NH,

POL and CT follow different trends: fdb1, D6, andD7  {hese changes in B—H and N—H bond are less significant
POL is greater than CT, while for the rest of the Complexe%ompared to theisp® counterpart.
(D2, D12, andD11) this trend is reversed. The former three In the next group, we compare B~HH-N between

complexes contain §#BNHg, while this molecule does not HiBNH;—HsBNH; (D15) and HBNH,—H;BNH; (D4).

occur in the latter three_ dim_ers. Similar Bl as c_ies_c_ribed The single dihydrogen bonded15 (Fig. 9 is obtained by
above, the geometric distortidisee Table )l and significant keeping N—H:-H and B—H--H angle fixed at 160.0° and

changes of electron densitffigs. ":(_a) and fc‘{a)] yvithin each 90.0°, respectively. The DHB energy decreases as hybridiza-
monomer ofD6 and D7 are associated with higher percent- tion changes fromsp® to sp?. In fact in the subsequent
age of polarization energy contribution. groups, the single dihydrogen bond energy follows the same
order. Compared tep?, elongation ofsp? hybridized B—H

and N—H bonds is less pronounced.

In the above sections, discussion was mostly concen- In summary, thesp’~sp® combinations of B—H with
trated on the most stable isomers of DHB and H-bondedH—N forms the strongest dihydrogen bonds, followed by
complexes. Since those dimers are mostly associated witR(sp?)—H and H—B&p®) combination and then B{p?)—H
multiple N—H--N and N-H--H-B bonds, the competing and H-N&p®). The DHB interaction energy between
effect between different hybridizations on such bonds mayp?’—sp? combinations is weakest. Like conventional H

Competing effect between sp® and sp? hybridization
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TABLE IlI. Single hydrogen and dihydrogen bond energid€j and lengthsR), and changes in BH and NH bond lengtis § and their frequenciégAv)
upon complex formation.

AE R (H---Y) or Ar (A) Av (cm™1) Av (cm™Y)
(kcal/mol) (H--+H) (A) B—H/N-H B-H (as/$ N—H (as/3
N—H---N—H bond
D8 H3B—H,N—H---NH; —7.00 1.986 —/0.013 —-71/-186
D12 H,B—HN—H---NH; —-4.53 2.119 —/0.009 —44/-123
D11 H,N—H---NH3 —-2.74 2.281 —/0.004 —39/-33
B—H---H-N dihydrogen bond
D9 HsN-H,B—H---H-NH, —-2.10 2.005 —0.002/0.002 14/8 —-18/-11
D13 H,N-HB—H---H-NH, -0.72 2.178 —0.001/0.001 5/6 —-2/-1
D15 H3;B—H,N—H---H-BH,—NH; —4.26 1.953 0.005/0.003 -9/-10 —34/-19
D4 H,B—HN—-H---H-BH,—NH; -3.10 2.089 0.002/0.003 —-9/0 —18/-18
D5 H;B—H,N—H---H-BH-NH, —-2.20 2.126 0.002/0.001 —24/-18 —-9/-2
D3 H,B—HN-H---H-BH-NH, —-1.28 2.218 0.001/0.001 —13/-12 —4/-3
D15 HaN—H,B—H- -‘H—NH,—BH, —4.26 1.953 0.005/0.003 ~9/-10 —34/-19
D5 H,N—HB—H: - ‘H—NH,— BH, ~2.20 2.126 0.002/0.001 —24/-18 —9/-2
D4 HaN—H,B—H- - -H—NH—BH, ~3.10 2.089 0.002/0.003 —9/0 -18/-18
D3 H,N-HB—H:---H-NH-BH, —-1.28 2.218 0.001/0.001 —-13/-12 —4/-3

s and s stand for asymmetric and symmetric stretching frequencies, respectively.

bonds, stronger DHB's are associated with shorteriidis-  tron density; the bridging proton in both cases become more
tance, and a near linear relationship exists betweefositive. Similar to typical H bonds, the N—H bonds have
R(H---H) andAE. been shown to stretch and undergo a redshift in vibrational
frequency upon formation of dihydrogen bond. The magni-
tude of the redshift is more prominent insBNH;.
A difference noted between dihydrogen and H bond is
Dimers of s BNH3; and H,BNH, have been studied us- the significant contribution from polarization, charge trans-
ing the MP2/aug-cc-pVDZ method. Two possible dihydrogenfer, correlation, and higher-order components of total inter-
bonded structures, via one and two B-HH—N bonds, for action energy in the former case. The other difference be-
(H,BNH,), have been theoretically characterized. BE  tweensp? andsp® systems is the higher contribution from
hybridized aminoborane forms weaker B—-HH—N dihydro-  the exchange repulsion energy than the attractive electro-
gen bonds. In their mixed dimer,,BNH, acts as a proton static energy in the former case.
donor, whilesp® H;BNH; seems a better proton acceptor.
Similar to dihydrogen bonds, the typical N~HN—H bonds
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