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Summary. The geometries of three hydrogen-bonded dimers of hydroxylamine
have been optimized, at the MP2 level of theory, using the 6-31G** basis set.
These calculations yielded three separate local minima on the dimer potential
energy surface. The interaction energies of these three species have been calcu-
lated, and corrected for basis set superposition error. The infrared band
wavenumbers and intensities have been computed, and the monomer-dimer
wavenumber shifts and intensity enhancements rationalized in terms of the types
and strengths of hydrogen bonds present. The predicted wavenumbers have been
correlated with those measured in a recent matrix isolation spectroscopic study,
and an argument for the structure of the preferred dimer has been presented.
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1. Introduction

A large volume of literature exists on the structures and properties, partlcularly
the vibrational spectroscopic properties, of the water and ammonia dimers.
Reference [1] cites a wealth of references to ab initio theoretical studies, and to
matrix isolation infrared and Raman, and gas phase molecular beam and
microwave spectroscopic studies of these species. It is now generally accepted
that the geometries of both these dimers are best described as approximately
linearly hydrogen bonded (OH--O and NH:--N respectively), but that due to the
extreme weakness of the NH---N hydrogen bond in (NH,),, the potential energy
hypersurface in the region of the global minimum is very flat, and a very small
barrier indeed separates the linear from the cyclic hydrogen bonded form [1]. By
contrast, similar studies on hydroxylamine are few [2-3].

Hydroxylamine forms an interesting third member of the series containing
water and ammonia [6]. It contains structural entities necessary for the forma-
tion of hydrogen bonds: a hydroxyl group capable of acting as a proton donor,
and a nitrogen atom bearing a lone pair of electrons which can function as a
proton acceptor. A first principles prediction of the structure of the hydroxy-
lamine dimer would therefore feature a linear OH---N hydrogen bond [3]. A
second plausible structure might involve a cyclic geometry with two OH---N
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Fig. 1. Four possible
structures for the
i v hydroxylamine dimer

bonds in a centrosymmetric arrangement [3]. Other possibilities exist; OH---O,
NH---O and NH--N hydrogen bonded structures should not be excluded,
although they are considered to be less probable.

The earliest theoretical study of this system appears to be that of Del Bene
[2], who used the LCAO-MO-SCF ab initio method with a minimal STO-3G [7]
basis set to optimize the intermolecular bond lengths and angies of a number of
dimers, while maintaining the intramolecular parameters fixed at their STO-3G
optimized values. Among the structures considered by Del Bene was the six-
membered cyclic geometry, of C,, symmetry, referred to above [2]. In our earlier
study of this system [3], at the self-consistent-field level, and employing the
4-31G [8] and 6-31G** [9] basis sets, we also determined the properties of this
six-membered cyclic dimer (structure I, see Fig. 1), as an analogue of the
centrosymmetric cyclic dimers of water and ammonia [1]. As a counterpart of
the linear (H,0), and (NH;), dimers, we attempted a geometry optimization of
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a linear OH:--N bonded dimer of C, symmetry {3], but found that, on maintain-
ing the C, symmetry, this dimer relaxed to a five-membered cyclic structure with
both OH--N and OH---O hydrogen bonds (structure II, Fig. 1). However, at this
level of theory, we found that, on carrying out a normal coordinate analysis, the
five-membered ring structure yielded two (4-31G) and three (6-31G**) negative
eigenvalues, establishing the fact that structure II is not a true minimum on the
potential energy surface [10]. (In fact, in our preliminary calculation [3], using a
less sophisticated procedure, we also found a single negative eigenvalue for the
six-membered dimer using the 6-31G** basis set.) In view of our noticeably
greater success in computing the properties of the binary complexes (H,0),,
(NH,), [1], HOH-NH; [6], HOH-NH,OH [11] and NH,OH-NH, [12] at the
second order Meller—Plesset (MP2) level of theory [13], and using the 6-31G**
basis set, we decided to repeat our calculations on (NH,OH), [3] using this
improved model. We also decided to relax the C, symmetry constraint of
structure Il to C,, to investigate whether the appearance of the negative
eigenvalues in our earlier calculations could be avoided by allowing the five-
membered ring to undergo some puckering, thus freeing the exo NH, group to
move out of the plane of the ring. The final configuration resulting from this
procedure is shown as structure Il in Fig. 1. No negative eigenvalues were found
in this case, indicating that structure II is a true local potential energy
minimum. In addition, a fourth structure, a cyclic dimer containing both OH:--O
and NH---N hydrogen bonds and having C; symmetry (see structure IV, Flg 1),
was obtained as a minimum energy configuration, yielding no negative eigen-
values. A geometry similar to IV was also predicted to be a possible hydroxy-
lamine dimer structure by Del Bene [2], using the STO-3G basis set.

Withnall and Andrews, in their study of the infrared spectrum of hydroxy-
lamine and some of its isotopic variants in argon matrices [4], observed five
bands which they assigned to hydroxylamine dimers, at 3339, 1469.0, 1155.7,
909.7, and 735.7 cm~'. They did not speculate on the possible structure of the
dimer, however. We have also recorded the spectra of hydroxylamine in nitrogen
and argon matrices [5], and have been able to make assignments of nine of the
observed bands to specific normal modes of the six-membered cyclic dimer (I), or
alternatively thirteen bands to vibrations of the five-membered cyclic species ().
It is the purpose of this paper to extend the list of binary complexes formed from
among water, ammonia and hydroxylamine on which we have carried out ab
initio calculations, at the MP2 level and using the 6-31G** basis set, and to
determine which of the proposed models of the hydroxylamine dimer structure
that we have considered most closely fits the experimental matrix isolation
infrared spectrum [4, 5], thereby establishing the preferred structure of this
interesting hydrogen-bonded species.

2, Cpmputational details

The earlier calculations [3] were carried out using the GAUSSIAN-76 [14, 15]
and GAUSSIAN-80 [16, 17] computer programs, at the SCF level and using the
4-31G and 6-31G** basis sets. Determination of infrared band wavenumbers and
intensities from the computed energies and dipole moment components was a
laborious process, and was sometimes subject to error [18—26]. The acquisition
of the GAUSSIAN-86 [27] and, later, GAUSSIAN-88 [28] programs, with their
automatic normal coordinate analysis features, improved the reliability of these
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Table 1. Optimized geometries, dipole moments and rotational constants of the hydroxylamine
dimers, calculated at the MP2/6-31G** level of theory

Dimer*

Parameter Monomer®

I m | A
r(N;0,)/pm 144.4 144.3 144.6 1449
r(O;H,)/pm 97.9 97.1 97.3 96.4
r(N;H,)/pm 101.7 101.6 101.7 101.6
r(N,H;)/pm 101.7 101.6 101.7 101.6
#(N,0,)/pm 144.4 145.1 146.0 1449
r(O,H,) /pm 97.9 97.8 96.5 96.4
#(N,H,)/pm 101.7 101.7 101.6 101.6
r(N,Hg)/pm 101.7 101.7 102.1 101.6
H(N,--H,)/pm 191.4 194.5
r(N, ---Hg) /pm 218.3
r(O,--H,)/pm 202.9 188.9
N,0,H, /deg 100.2 100.3 100.9 101.2
O,N,H,/deg 104.1 104.1 103.6 103.0
O;N,H;/deg 104.1 104.1 103.6 103.0
H,N,H,/deg 105.5 106.0 105.1 105.0
N,O,H,/deg 100.2 101.4 101.4 101.2
O,N,H,/deg 104.1 103.1 102.2 103.0
O,N,H,/deg 104.1 103.1 101.8 103.0
H,N,H,/deg 105.5 104.7 106.0 105.0
O; N, --H,/deg 102.8 90.9
O, N, -Hg/deg 99.4
0,H,-N, /deg 157.0 139.9
N,H,N, /deg 148.0
H,0,--H, /deg 69.7 1127
O,H,0,/deg 139.1 163.9
N,0,H, /deg 107.5 105.2
O;N,H,0,%/deg 3.7
N, H,0,N,°/deg 101.5
N,0,H,0,%/deg 7.4
0,H,0,N,%/deg 0.7
H,0,N,H/deg 116.5
H,0,N,H¢"/deg 7.1
H,0,N,H,"/deg 124.6
H,0,N,H¢"/deg 3.6
u/De 0.0 1.1071 1.5661
A/GHz 12.7183583 14.9884401 12.7561841
B/GHz 3.6169775 2.9440332 3.3478402
C/GHz 2.9014417 2.8451005 2.7278710

2 see Fig. 1 for numbering of atoms
b see Ref. [29]

¢ dihedral angle

91D =333564 x 1073 Cm

calculations and, coupled with the use of the superior MP2 level of theory [13],
enabled us to produce computed results agreeing with the experimental parame-
ters, in most cases, within a few percent [1, 6, 11, 12, 29]. All the calculations
reported here were carried out with the GAUSSIAN-86 and GAUSSIAN-88
programs, at the MP2 level with the 6-31G** basis set. Further details of our
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computational procedures may be found in our previous publications
[1,6,11,12,29].

3. Results and discussion
3.1. Molecular structures

The fully optimized geometrical parameters of dimer structures I, III, and IV,
computed at the MP2/6-31G** level of theory, are presented in Table 1. The
corresponding parameters of the hydroxylamine monomer, calculated at the
same level [29], are included for comparison. The atom numbers refer to the
structures shown in Fig. 1. In all three dimers the bond lengths and angles of the
hydroxylamine molecules are only slightly perturbed from their monomer values,
except when the OH or NH bonds are involved in hydrogen bonding, in which
case these bonds undergo the expected increases in length. Thus the O, H; bond
length of dimer I increases by 1.5 pm, and the O,H, bond length of dimer III by
1.4 pm. In only one dimer (IV) is an NH bond involved in hydrogen bonding,
and this bond is predicted to increase in length by 0.5 pm, compared with the
corresponding monomer value. It is interesting to note that, while all the NO
bond lengths in the dimers are equal to that of the monomer, within 0.6 pm, the
N, O, bond length in dimer IV, which is adjacent to the hydrogen-bonded NH
group, increases from 144.9 to 146.0 pm on dimer formation.

It is evident from the dihedral angles of dimers III and IV that, although the
rings containing the hydrogen bonds are puckered, the deviations from planarity
are not great. The AH---B hydrogen bond fragment which has a bond angle
closest to the ideal 180° value is the O,H,---O, bond in dimer IV, which is
calculated to be 163.9°. It is significant that the corresponding hydrogen bond
length of 188.9 pm in this dimer is the shortest among all three dimers. Dimer
ITI, which contains a cyclic five-membered ring, rather than a six-membered ring
as in dimer IV, has an O,H,-O, hydrogen bond angle which, predictably,
deviates more from linearity (139.1°), while the corresponding hydrogen bond
length is greater (202.9 pm), compared with dimer IV. Comparison of the
OH---N hydrogen bonds in the cyclic Cy, dimer and in dimer III shows the same
trends, i.e. the more the hydrogen bond angle decreases the longer the corre-
sponding hydrogen bond becomes. On the other hand, the OH---O and OH---N
hydrogen bonds in dimer III have practically the same bond angle (131.1 and
131.9° respectively), but the N---H distance is significantly shorter (194.5 pm)
than that of the O---H bond (202.9 pm). In contrast, the weakest hydrogen bond,
based on its bond length, is the NH:--N bond in dimer IV.

For the benefit of those microwave spectroscopists who might be inspired to
initiate a search for the spectrum of the hydroxylamine dimer in the gas phase,
we include in Table 1 the computed dipole moments and rotational constants of
the three species studied here.

3.2. Hydrogen bond energies
Table 2 shows the uncorrected dimerization energies of the three cyclic hydroxy-

lamine dimers calculated using the MP2/6-31G** theoretical model. These
energies were corrected for basis set superposition error (BSSE) [30] using the
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Table 2. Hydrogen bond energies, basis set superposition errors and zero-point energy differences of
the hydroxylamine dimers, calculated at the MP2/6-31G** level of theory

Energy/kJ mol~!

Dimer®
AE (uncorrected) BSSE AES, AE (corrected)
1 —59.8 13.4 10.9 —35.5
o —42.8 17.2 9.4 —16.2
v —44.0 14.0 9.0 —21.0
*see Fig. 1

full counterpoise procedure of Boys and Bernardi [31], as we have described
earlier [24]. The BSSEs are also included in Table 2. In addition, we have
calculated the zero-point energy differences between the monomers and dimers,
and the table also includes the dimerization energies corrected for these two
effects. As can be seen, the two six-membered ring dimers (I and IV) are
predicted to be more stable than the five-membered ring species (III), as would
be expected, based on the relief of ring strain in the larger cyclic structures. The
BSSEs range between 22% of the dimerization energy in the case of structure I
to 40% in the case of dimer III. The most stable configuration for the hydroxy-
lamine dimer is the centrosymmetric, C,, six-membered cyclic structure, which is
predicted to be more than 14 kJ mol~! more stable than the asymmetric structure
IV. The corrected mean hydrogen bond energies of dimers I, IIT and IV, at the
MP2 level, are 17.75, 8.1 and 10.5kJ mol™' respectively. These results are
consistent with the known stronger basic properties and poorer proton-donating
properties of the amino compared with the hydroxyl group.

3.3. Vibrational wavenumbers and intensities

The predicted infrared spectra of the three hydroxylamine dimers, as represented
by structures I, IIT and IV in Fig. 1, computed at the MP2/6-31G** level of
theory, are summarized in Tables 3 to 5. The normal modes of vibration of the
C,, dimer (I) transform as

Iy, =8a, + 5a, +4b, +7b,,

while those of dimers III and IV, which belong the C; point group, are all of
symmetry a.

Structure I. The centrosymmetric structure of the six-membered cyclic dimer, 1,
ensures that each normal mode of vibration of this species is composed of equal
contributions from the vibrations of each monomer unit. Most of the intramolec-
ular vibrations of the dimer can be correlated with normal modes of the
hydroxylamine monomer, as is evident from the descriptions of the dimer modes
in Table 3. The torsional mode of the monomer, vy, however, appears to have no
direct counterpart in the dimer. An analysis of the predicted monomer torsional
mode [29] shows that the vibration consists of the coupling of an out-of-plane
displacement of the hydroxyl hydrogen atom and a counter out-of-plane rocking
motion of the amino NH, group, the contributions being approximately 68 and
32%, respectively. Formation of the hydrogen bonded ring perturbs the torsional
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Table 3. The predicted infrared spectrum, at the MP2/6-31G** level, of the C,, six-membered cyclic
hydroxylamine dimer I*

Symmetry species Mode Approximate description F/em™! A/km mol !
a, v, v,(OH) 3570 —
v v,(NH,) 3524 —
Vs 8,(NH,) 1702 —
vy J,(NOH) 1613 —
Vs w(NH,) 1206 —
Vg v,(NO) 978 —
v, 8,(OH--N) 248 —
vg v,(H--N) 215 —
a, g Va(NH,) 3629 1.6
Vi w(NH,) 1324 0.17
Vqy 7, (OH---N) 854 253
Via #(NH,) 225 17
Vis r(NH,) 79 24
by Via Voo NH,) 3629 —
Vis tw(NH,) 1330 —
Vie 7,(OH~N) 718 —
Vig r(NH,) 315 —
b, Vis v,(OH) 3618 1006
Vi v,s(NH,) 3529 2.5
Vao 8,(NH,) 1699 39
Vo 5,(NOH) 1550 82
Vaz w(NH,) 1236 230
Vo3 v,(NO) 970 9.6
Vag 6,(OH--N) 254 7.8
2see Fig. 1

vibrations of the monomer units with the result that the out-of-plane motions of
the bonded hydrogen atoms appear as in-phase and out-of-phase combinations
in the intermolecular modes v,; and v,c, which have counterparts in the water
and ammonia dimers discussed previously [1], and which are calculated to lic at
much higher wavenumbers than the monomer torsional mode. In the complex of
hydroxylamine with water [11], which also has a cyclic structure, the counterpart
of the monomer torsional mode is described as a coupling of the out-of-plane
bending of the OH---O group with the HOH-twisting motion of the water unit,
and appears at 690 cm~!. In the hydroxylamine-ammonia complex [12], which is
more linear in nature, the NOH torsional motion is calculated to appear at
814 cm~!. The blue shifts experienced by this mode in each of these complexes
are directly proportional to the calculated mean hydrogen bond energies [11, 12];
thus the greater the strength of interaction the larger the blue shift in the
wavenumber of the torsional mode in the complex. The rocking motions of the
amino NH, groups are recognizable as modes v, and v, in the dimer, but since
the hydrogen atoms are not directly involved in the ring, these vibrations appear
at very low wavenumbers and the infrared active mode, v;,, is of low intensity.

Structure III. In the case of the five-membered cyclic dimer (III), due to its
asymmetric nature, most of the intramolecular normal modes are largely centred
in one monomer unit or the other (A or B, see Fig. 1), and may be compared
directly with the corresponding modes of the monomer. Three exceptions to this
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Table 4. The predicted infrared spectrum, at the MP2/6-31G** level, of the C; five-membered cyclic
hydroxylamine dimer IIT*

Mode Approximate description® Fjem~! Afkm mol~!
v, WOH)(A) 3772 293

v v,(NH,)(A) 3642 1.8
vy v,(NH,)(B) 3632 26
Va v(OH)(B) 3628 254

vs v,(NH,)(A) 3537 23
v v,(NH,)(B) 3527 6.5
v, S(NH,)(B) 1706 17

Ve S(NH,)(A) 1698 17

v S(NOH)(A)(64) + 5(NOH)(B)(34)OP) 1538 35
Yio S(NOH)(B)(67) + 6(NOH)(A)(33)(IP) 1514 44
iy 1w(NH,)(B) 1349 0.72
Vi tw(NH,)(A) 1331 0.17
Vis w(NH,)(B) 1217 139
Via w(NH,)(A) 1206 155
Yis W(NO)(A)(84) + 5(OH-~N)(16) 970 17
Vie W(NO)(B) 954 13
Vip S(OH--N) 846 233
Vg #OH---0) 617 114
Vo r(NH,)(A) 319 7.8
Yao y(H--N) 257 39
Yoy w(H--0) 207 14
Yoy H(NH,)(B) 136 17
Vs F(NH,)(A)(59) + 6(ONH)(B)(17) 107 1
Vo H(NH,)(B)(57) + S(ONH)A)(17) 54 0.29
2 see Fig. 1

® Numbers in parentheses indicate major percentage contributions (>10%) of localized modes to
each normal mode; A and B refer to the identifications of the monomer units shown in Fig. 1; 1P —
in-phase, OP - out-of-phase

statement are apparent from the descriptions in Table 4. The NOH-bending
modes, vy and vy, of the two monomer units are strongly coupled, with each
monomer, in turn, contributing about twice that of the other to the displace-
ments of the dimer. Furthermore, the NO bond of monomer A, unlike that of
monomer B, forms part of the ring structure, and the stretching mode of this
bond, v;5, induces a displacement of the bonded hydrogen atom, H,, of
monomer B (see Fig. 1). As discussed above for the C,, dimer, the involvement
of both hydroxyl hydrogen atoms in the ring structure again perturbs the
torsional vibrations, with the consequent appearance of two low frequency
NH,,-rocking vibrations (v, and v,).

Structure I'V. The formation of the NH---N hydrogen bond in the six-membered
C, ring dimer (IV), as illustrated in Fig. 1, disturbs the local C; symmetry of
monomer B, in particular that of the NH, group. Consequently, the symmetric
and antisymmetric NH,-stretching modes (v, and v¢) are partly decoupled and
are best described in terms of the separate stretching vibrations of the bonded (b)
and free (f) NH bonds. The same effect is evident in the vibrational modes which
correspond to the bending, twisting and wagging motions of the amino group

b E 1

(v7, V10, V11, V13 @nd v;,). For convenience, the descriptions “bending”, “twisting”
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Table 5. The predicted infrared spectrum, at the MP2/6-31G** level, of the C, six-membered cyclic
hydroxylamine dimer IV*

Mode Approximate description® $jem~1 Afkm mol~!
v WOH)B)(H) 3885 46
Vs WOH)(A)(b) 3730 385
vs v,(NH,)(A) 3626 0.07
Va WNH)(H)(77) + W NH)(b)(23)(OP) 3618 18
vs v,(NH,)(A) 3525 3.5
Ve WNH)(b)(75) + v(NH)(f)(24)(IP) 3489 75
v, S(ONH)(b)(57) + S(ONH)(f)(40) 1727 15
Ve S(NH,)(A) 1701 16
Vo S(NOH)(A) 1552 31
Vio S(NOH)(B)(44) + 5(ONH)(b)(44) 1424 20
Vis tw(NH,)(B) 1393 11
Via tw(NH,)(A) 1334 0.32
Vis w(NH,)(B)(72) + w(NH,)(A)(28) 1228 263
Via Ww(NH,)(A)(68) + w(NH,)(B)(32) 1213 18
Vis WNOY(A) 967 53
Vie W(NO)(B) 939 14
Viy #OH--0) 702 170
Vg Z(NO)(B)(84) + y(OH---0)(16) 447 146
V1o r(NH;)(A)(43) + t(OH)(B)(28)

+ o(NH)(£)(16) + y(NH--N)(13) 332 14
Vao W(H-0) 225 4.6
V21 r(NH,)(A)(36) + «(NH)()(22)

+ 7(OH)(B)(18) + 6(NH---N)(15) 198 7.9
Vaz F(NH,)(A)(54) + S(NH---N)(18) 195 10
Vs y(H-N)(43) + tw(NH,)(A)(39) 178 0.48
Va4 r(NH,)(A)(33) + t(NH)(£)(25)

+<(OH)(17) 64 5.1
2see Fig. 1

b Numbers in parentheses indicate major percentage contributions (>10%) of localized modes to
each normal mode; A and B refer to the identifications of the monomer units shown in Fig. 1; IP —
in-phase, OP — out-of-phase; f — free, b — bonded

and “wagging” have been retained, although the motions of the NH bonds of
unit B are not equivalent. This is reflected in the unequal percentage contribu-
tions of each bond to the dimer modes v,, vs, v; and vy, as shown in Table 5.
It is interesting to note that in this dimer, monomer unit B, which contains the
non-bonded OH bond, exhibits a vibration (v,5) which has a form, and a
predicted wavenumber (447 cm™!) which closely resemble those calculated for
the torsional mode of the hydroxylamine momomer (408 cm™") [29].

3.4. Comparison of calculated wavenumbers and intensities
of dimers and monomers

The shifts in the infrared wavenumbers, and the changes in the values of the
intensities of the hydroxylamine monomer bands which occur on formation of
the three dimers, have been calculated, and are presented in Table 6. Owing to
the wide variation in the calculated positions of the torsional vibrations of the
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Table 6. Calculated monomer-dimer wavenumber shifts and intensity ratios of the hydroxylamine
dimers

Dimer
Parent I o1 v
monomer
mode Dimer A¥/ = Agimer/ Dimer A¥/ A gimer! Dimer A¥/ A gimer/
mOde cm—l Amonomer mOde cm_l Amonomer mOde cn‘_l Amonomer
vy 2 -322 — 2 —120 8.5 vy -7 13
Vig —-274 292 Vs —264 74 v, —162 112
v, Vo -7 (40) v, 6 (45 Vs —10 (2)
V14 -7 — V3 —4 (65) v, —18  (450)
vy Vs -7 — Vs 6 (2) Vs -6 (2)
Yio -2 (2 Vg -4 (4 Ve —42  (48)
2 vy -2 — v, 2 091 v, 23 0.3l
Voo -5 21 Vg —6 091 Vg -3 086
v, v, 183 — vy 108 1.6 Vg 122 14
Va1 120 3.8 Yio 84 2.0 Yio —6 093
vg Yo —23 (43) un 2 (180) Y11 46 (2750)
Vis -17 — Vi —16 (43) Vip —13  (80)
Vs Vs 14 — Vi3 25 0.89 Vi3 36 1.7
Vay 4 15 Via .14 10 Vig 21 0.01
Ve Ve 24 — Vis 16 1.7 Vis 13 0.50
Va3 16 0.95 Vie 0 13 Vie —-15 14

various dimers, referred to above, resulting from the forms of those vibrations
not being directly comparable with that of the monomer, we have not calculated
any wavenumber shifts relative to the monomer mode v,. Moreover, the NH,-
stretching and twisting modes of the hydroxylamine monomer (v,, v, and vg) are
calculated to be very weak [29]. Consequently, even modest increases in intensity
of the corresponding dimer modes result in intensity ratios which may be
artificially high. These ratios have been placed in parentheses in Table 6, to
indicate that they are not regarded as significant.

The main features of the results presented in Table 6 are the predicted red
shifts and intensity enhancements of the infrared bands of the hydrogen-bonded
OH- and NH-stretching vibrations of the dimers. The largest calculated shifts
occur in the OH-stretching vibrations of the cyclic C,, dimer (I), and the infrared
active mode, v5, is also predicted to undergo the largest genuine intensity
enhancement. If a comparison is made between mode v,5 of dimer I and mode
v, of dimer III, both of which are OH-stretching vibrations of OH bonds
involved in similar OH---N hydrogen-bonded interactions, it can be seen that the
predicted shifts are very similar (274 and 264 cm™' respectively), as are the
hydrogen bond lengths (191.4 and 194.5 pm respectively) (see Table 1). The
magnitudes of the wavenumber shifts are indicative of the relatively strong
OH:--N hydrogen-bonded interaction [32].

Modes v, of dimer IIT and v, of dimer IV may also be compared, since both
these vibrations arise from the OH-stretching motions in similar OH---O hydro-
gen bonds. Mode v, is calculated to shift by 120 cm~', compared with the
monomer value, while the shift in mode v, is 162 ecm~!. The difference between
these two shifts is probably due to the fact that the O,---H; hydrogen bond
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length in dimer IV is shorter (188.9 versus 202.9 pm) and the O,H,--O,
hydrogen bond angle is closer to linearity (163.9 versus 139.1°) than the
corresponding values in dimer III. The hydrogen bond in the five-membered
dimer is thus expected to be weaker and the corresponding wavenumber shift is
consequently smaller [32].

Dimer IV is the only structure with an NH---N hydrogen bond, and modes
v, and vg of this dimer both involve the stretching of the bonded NH bond (see
Table 5). Of these two modes, v has the larger contribution from the bonded
NH-stretching vibration, and it also has the larger predicted shift. Compared
with the shifts in the bonded OH-stretching wavenumbers, this relatively small
shift (42 cm™!) is typical of a rather weak NH---N interaction [32], consistent
with the poor proton-donating properties of the amino NH, group. The weak
interaction is also reflected in the fact that the H---N hydrogen bond length
(218.3 pm) is the longest of any of the hydrogen bonds in all three dimers (see
Table 1).

Although the extent of deviation of the hydrogen bond angle from the ideal
180° is clearly important for the strength of hydrogen bonding, the results
presented above indicate that the order of decreasing hydrogen bond strength in
the hydroxylamine dimers is OH-N > OH--O > NH-N. This observation is
consistent with the fact that the linear water dimer is predicted to have a higher
dimerization energy than the corresponding linear ammonia dimer (19.6 versus
12.5 kI mol~!) [1], and that the cyclic C,;, hydroxylamine dimer is predicted to be
the most stable configuration of the three considered here (see Table 2). Dimer
IV has an NH-N interaction which is predicted to be weak, but because of the
six-membered ring structure, the OH---O geometry is more favourable than that
in dimer I, and this would seem to be sufficient to make dimer IV the more
stable structure of the two.

It is also evident from the results given in Table 6 that the hydrogen-bonded
NOH-bending modes are shifted to higher frequency. The calculated blue shifts
(excluding the infrared inactive mode of dimer I) are fairly similar, ranging from
84 cm~! for the v;, mode of dimer III to 122 cm™! for the v, mode of dimer IV.
The twisting vibration of the NH, group of monomer B in dimer IV, v,,,
effectively involves a bending of the ONH bond angle which forms part of the
NH---N fragment, and hence, as can be seen in Table 6, it is also predicted to
shift 46 cm™! to higher wavenumber. Apart from v,, of dimer III, the other
twisting vibrations of the three dimers are found at slightly lower wavenumbers
than that of the monomer [29].

3.5. Comparison of calculated with experimental wavenumbers

Table 7 lists the positions of the bands observed in the infrared spectra of
hydroxylamine trapped in nitrogen matrices at 17 K, and assigned to vibrational
modes of dimeric species [5]. This table also shows the closest match to the
observed wavenumbers of each of the calculated wavenumbers of the infrared
active modes of the three dimers, without prejudice to the correct dimer
structure, along with the calculated/experimental wavenumber ratios for each
mode. Since, in the case of the centrosymmetric dimer (I) there are only twelve
expected infrared active modes, and of these, three are expected to absorb below
our lower wavenumber limit of 250 cm~', the observation of only nine absorp-
tions having concentration and warm-up behaviour consistent with their assign-
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Table 7. Comparison of calculated wavenumbers for the three hydroxylamine dimers with experi-
mental wavenumbers observed in nitrogen matrices

Dimer
1 m
#(expt)/  Assignment {(calc)/ Assignment  ¥(calc)/ Assignment  ¥(calc)/
em-—12 cm~1b cm~—1° cm-1?
3444 vy 3629 (1.05) vy 3642 (1.06) Vg 3618 (1.05)
{v3 3632 (1.05)
3346 Vig 3618 (1.08) v, 3772 (1.13) vy 3730 (1.11)
3302 V4 3628 (1.10)
3290 Ve 3489 (1.06)
1623 Va0 1699 (1.05) v, 1706 (1.05) vy 1727 (1.06)
{vs 1698 (1.05)
1472 Vo 1550 (1.05) v 1538 (1.04) v 1552 (1.05)
1452 Vio 1514 (1.04)
1290 Vio 1324 (1.03) (v, 1349 (1.05))  {vy, 1393 (1.08)}
{vn 1331 (1.03) {vu 1334 (1.03)}
1165 Var 1236 (1.06) vy 1217 (1.04) w4 1228 (1.05)
1158 Via 1206 (1.04) vy 1213 (1.05)
904 Vas 970 (1.07) w5 970 (1.07)  v,s 967 (1.07)
885 Vie 939 (1.06)
761 Viy 854 (1.12) Vi7 846 (1.11) Vg 702 (0.92)
564 Vig 617 (1.09)
449 Vig 447 (1.00)
268 Vaa 254 (0.95) vy 257 (0.96) vy 225 (0.84)
(absolute mean) 1.06 1.06 1.07

2 see Ref. [5]
® numbers in parentheses are the calculated/experimental wavenumber ratios for each mode

ment to dimers was a relatively simple matter. The assignments to modes v;;, vg
and v,, were fairly straightforward, since these modes were predicted to have
substantial intensities (see Table 3), and would therefore have fairly high
probabilities of being detected, even at fairly low concentrations. Modes v,, and
v,;, having intermediate intensities, are also assigned with some confidence.
However, the assignments of modes vg, vy, v»3 and v,,, which are expected to be
very weak, are more tenuous, while v, and v;; are probably outside our
observable wavenumber range. The computed wavenumbers may be fitted to the
observed with an average error of 99 cm~!, or 6.36%.

In the case of dimer III, we have been able to locate thirteen bands which
may reasonably be assigned to the eighteen modes of the dimer which appear in
the experimental wavenumber range. In the OH- and NH-stretching region, the
assignment of the strong, broad OH bands is unambiguous, although the
wavenumber of the higher frequency band of the two, that engaged in the weaker
OH---O interaction, is severely overestimated by the calculation. This leads to a
(calculated/experimental ratio of 1.13 for this mode, significantly higher than the
average extent of overestimation. Of the vibrations in this region, only the
bonded OH-stretching vibrations have high intensities, while the NH,-stretching
modes are very weak, and their assignments have lower confidence levels.
The dimer modes v;, vg, v;; and v, occur in closely separated pairs, being the
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individual vibrations of monomer units A and B, which are highly uncoupled.
Moreover, the individual members of each pair have fairly similar calculated
intensities, therefore it is difficult to choose the more likely candidate for
assignment from each pair, and the assignments for these modes in Table 7 are
consequently bracketed together. The intermolecular modes, v;; and v,5, have
rather higher calculated/experimental wavenumber ratios than the intramolecular
vibrations, as we found for v,; of dimer I, and also for (H,0),, (NH;), [1],
HOH-NH,; [6,33] and NH,OH-NH; [12,34]. The overall mean error is
115em™!, or 6.30%.

Dimer IV is predicted to have four relatively intense modes, the bonded
OH-stretching (v,), the combination of the NH,-wagging modes of monomers A
and B (v,3), the out-of-plane OH:--O hydrogen bond bending mode (v,;) and the
torsional vibration about the NO bond of unit B (v;5). These may be readily
assigned, although the calculated wavenumber of v, is, unusually, lower than the
experimental value. The same is true of v,,, the H---O hydrogen bond stretching
vibration. Most of the remaining modes have reasonably high intensities, and the
relevant assignments are expected to be fairly accurate. The v,, and v,5 vibra-
tions, however, are predicted to be very weak and the assignments to these
modes must be regarded as hopeful, at best. The computed wavenumber of the
bonded OH-stretching band (v,) is excessively high, as found for dimer III, and
this, together with the appearance of two wavenumbers calculated to be actually
lower than the experimental values, weakens the case for dimer IV being the
correct structure, even though the mean wavenumber error (102 cm™!) and the
mean absolute percentage error (6.93%) are almost indistinguishable from those
of dimer I. The more consistent agreement between the computed values for
dimer I and the experimental wavenumbers of the hydroxylamine dimer suggests
that dimer I is the preferred structure. This observation, taken together with the
larger computed dimerization energy for this species, compared with those of the
two alternative structures considered here (see Table 2), convinces us that the
most likely structure of the hydroxylamine dimer is the centrosymmetric, C,,,
doubly OH:--N hydrogen-bonded form.
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