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Crystal Structure and the Infrared and Raman Spectra of Potassium
Nitridosulphonate Hydrate,t Ks:[N(SO:):]'H:0

By John R. HallLL* Robert A. Johnson, and Colin H. L. Kennard, Department of Chemistry, University of
Queensland, Brisbane, Australia 4067
Graham Smith, Department of Chemistry, Queensland Institute of Technology, Brisbane, Australia 4000
Brian W. Skelton and Allan H. White, Department of Physical and Inorganic Chemistry, University of Western
Australia, Nedlands, Western Australia 6009

The crystal structure of the title compound has been determined using three-dimensional X-ray diffraction data with
1 386 ' observed ‘ reflections. Crystals are triclinic, space group PI with Z = 2in a cell of dimensionsa = 7.972(2),
b =6.758(2), ¢ =8.125(2) A, « =91.02(2), B =97.85(2), and ¥ = 103.33(2)°. The structure has been
solved using direct methods and refined by full-matrix least squares to R 0.042. The N—S bond length [1.609(2)
A] is markedly smaller than those for K[NH,SO;] [1.666(6)], K,[NH(SO;),] [1.874(5)], K;[N(S0,);]1-2H,0
[1.71(2)], and NH,;*SO,- [1.76(2) A]. This contraction is attributed to the participation of the two lone pairs of
electrons on nitrogen in © bonding. The i.r. (50—4 000 cm-!) and Raman spectra of K3[N(SO;),]*H,0 and its
15N and 2H derivatives at 77 K are reported and interpreted according to the crystal structure. To assist with the
assignment, spectra of the anhydrous salt K;[N(SO;),] and of an aqueous solution of the soluble sodium salt have
also been recorded. vg,,(N—S) and v,;,,(N—S) have been assigned wavenumbers of 794 and 1 046 cm-!

respectively, 3(NS,) at 190 cm-1. The SO, groups show their characteristic group frequencies. Infrared spectra
of partially deuteriated samples confirm the presence of two types of hydrogen bond per water molecule.

THE i.r. and Raman spectra of polycrystalline potassium
nitridosulphonate hydrate, K,[N(SO,),]‘H,0, and its
BN and 2H derivatives have been recorded at liquid-
nitrogen temperatures as part of an investigation into
the vibrational properties of the sulphonate derivatives
of ammonia, methane, and hydroxylamine. Siebert !
recorded the Raman spectrum of an aqueous solution of
this salt and the ir. spectrum above 600 cm™ of poly-
crystalline Nay[N(SO,),]-12H,0, but proposed few
assignments. In order to provide an adequate predic-
tion of the spectra, the crystal structure of K;[N(SOg),]*
H,0O has been determined by X-ray analysis. } To
assist with the assignment of the internal modes for
N(SOy),3~, the aqueous solution spectrum, including
qualitative Raman polarization data, of the more soluble
sodium salt have been obtained. Also, spectra of the
anhydrous salt, K3[N(SO,),], and of partially deuteri-
ated K3[N(S0,),]'H,0 samples have been recorded to
assist with the lattice-water assignment.

EXPERIMENTAL

Preparations.—The hydrate K;[N(SO,),]'H,O was pre-
pared by the method described by Sisler and Audrieth 2 for
[NH,]5{N(SOy),]*H,0, with the modification that the imidic
proton of ammonium imidosulphonate, [NH,],[NH(SO,),],
was removed in boiling 1 mol dm™ K[OH] solution [equation
(1)] (Found: N, 4.6; S, 20.3; H,0, 5.9. Calc. for H,K,-

[NHJ,[NH(SO,),] + 3K[OH] —
K4[N(SO,),"H,O + 2NH, + 2H,0 (1)

NO,S;: N, 4.5; S, 20.7; H,0, 5.89%,). The 15N derivative
was prepared by a similar procedure, starting with K,[*NH-
(SO4)4].§ The sodium salt was obtained by using 1 mol dm™
Na[OH] solution in the deprotonation step [equation (1)].
Samples of the sodium salt for spectroscopic measurements

1 A more systematic name is potassium iminodisulphonate-
(3—) monohydrate.

t Note added at proof: P. Barbier, Y. Parent, and G. Mairisse,
Acta Cryst., 1979, B35, 1308, reported the structure for K,-
[N(SO,)s]*HyO. Cell dimensions, a, = 8.126(4), b = 7.978(3),
c = 8.762(4) A, « = 103.36(3), B = 90.98(3), and y = 97.86(3)°.
Mean N-S 1.606(2), S—O 1.468(2) A; S-N-S 120.83(11), N-S-O
108.70(9)°.

were dissolved in 1 mol dm™ Na[OH] solution to prevent
conversion into NH(SO,;),%".5

Anhydrous Kj[N(SOs),] was obtained by heating K,-
[N(S0Oy);]*H,0 at 400 K and 1 atm § for 30 min (Found: N,
4.7; S, 21.6. Calc. for K;NOS,: N, 4.8; S, 22.09%,).
The deuteriate K [N(SOy),)'D,O was prepared by s:veral
recrystallizations of K;[N(SO,),]'H,O from 0.5 mol dm™
KOD-D,O solution. Exchange of the hydrogen atoms was
estimated from i.r. spectra to be ca. 809, complete (Found:
N, 4.5; S, 20.3; D,O, 6.5. Calc. for D,K;NO,S,: N, 4.5;
S, 20.6; D,O, 6.4%).

Partially deuteriated samples were prepared by the pro-
cedure previously described,® starting with anhydrous
K3[N(SOy),] and recrystallizing from H,0-D,0 mixtures
which were ca. 0.5 mol dm™ with respect to K[OD]. The
approximate concentrations of H,0, HDO, and D,O in the
deuteriated samples were calculated by the method de-
scribed by Seidl and Knop.?

Crystal Data—H,K;NO,S,, M = 309.45, Triclinic, a =
7.972(2), b = 6.758(2), ¢ = 8.125(2) A, « = 91.02(2), B =
97.85(2), y = 103.33(2)°, U —= 421.4 A%, D, — 242 (by
flotation), Z = 2, D, = 2.45 g cm™, F(000) = 308, space
group PI (C}, no. 2), Mo-K,, radiation (crystal monochrom-
ator), A = 0.710 7 A, p(Mo-K,) = 21.09 cm™.

A single crystal 0.50 x 0.48 x 0.25 mm, coated with
epoxy-resin to exclude moisture, was used. Unit-cell
dimensions were obtained by least-squares fit of the angular
parameters of 15 reflections with 20 ca. 25° and the crystal
centred in the counter aperture of a Syntex PI four-circle
diffractometer at the University of Western Australia.
1 386 Reflections with I > 3o(I) were considered observed
out of 1485 collected up to 20 50° and were used in the
structure solution and refinement. During data collection,
however, a check on the cell parameters after a realignment
of the crystal indicated that one cell parameter (¢) had
changed by ca. 19, (8.072 to 8.125 A) while the others
remained constant. Although this phenomenon is un-
explained, the new parameter was used in the rapid col-
lection of a new data set; no significant change was ob-

§ This compound was prepared by the hydrolytic decom-
position 3 of K [®N(SO,),]:2H,0. The latter was prepared from
Na[NO,] (99.8% 'N-enriched; British Oxygen Company Ltd.)

and K[HSQ,] by the method previously described.4
4 Throughout this paper: 1 atm = 101 325 Pa.


http://dx.doi.org/10.1039/DT9800001091

1092

served in the intensities of three standard reflections
monitored throughout data collection. X-Ray powder
patterns of the compound failed to reveal any change after
exposure to Cu-K, radiation for a total of 40 h. No cor-
rections were made for absorption.

The structure was solved by direct methods and refined
by full-matrix least squares with anisotropic thermal para-
meters for the non-hydrogen atoms, and U (isotropic) for
the hydrogen atoms invariant at 0.05 A2. The data were
seriously affected by extinction and the Larsen extinction
parameter was refined also. Final residuals (R, R’ S) are
0.042, 0.056, and 2.2, reflection weights being set at [o®-
(F,) + 0.000 5(F,)). Neutral-atom scattering factors
were used (except K*),3 those for the non-hydrogen atoms
being corrected for anomalous dispersion (Af’, Af”).2 All
computations were completed on a CYBER 73 computer at
the University of Western Australia, using the X-Ray
system. Final atomic co-ordinates are listed in Table 1.
Structure-factor tables and anisotropic thermal parameters
have been deposited as Supplementary Publication No.
SUP 22727 (9 pp.).*

TABLE 1

Atomic co-ordinates for K [N(SO,),]'H,O (x 10° for K, S;
% 104 for N, O, H) with estimated standard deviations
in parentheses

Atom xla y[b z[e
K(1) 82 649(9) 33 231(11) 57 658(9)
K(2) 55 580(9) 68 718(11) 75 916(9)
K(3) 15 554(9) 80 161(10) 93 595(9)
s(1) 43 811(9) 15 125(11) 72 276(9)
S(2) 19 350(9) 31 984(11) 85 438(9)
N 3 731(3) 2 493(4) 8 771(3)
O(11) 4 576(3) 2 945(4) 5 894(3)
0O(12) 6 060(3) 1132(4) 7 899(3)
0(13) 3143(3) —400(4) 6 618(3)
0(21) 1 938(3) 4784(3) 7327(3)
0(22) 1 830(3) 4 010(3) 10 206(3)
0(23) 435(3) 1 468(3) 8 020(3)
O(H 990(4) 2 275(4) 3911(3)
H(OH1) 370(60) 1 025(77) 3 656(61)
H(OH2) 1 701(61) 2 088(75) 4 372(63)

Spectroscopy.—Infrared spectra were recorded using
Perkin-Elmer model 225 and Beckman-RIIC IR-720 spectro-
photometers with low-temperature facilities and general
conditions as described previously.l® Raman spectra were
recorded on a Cary model 82 laser spectrometer using 514.5
nm exciting radiation and a power of ca. 400 mW at the
sample. Experimental conditions were as previously
described.’® Infrared and Raman spectra of both hydrated
and anhydrous K,[N(SO,),] recorded at ambient tempera-
ture showed little change from the spectra at 77 K. Ob-
served bands are considered accurate to 42 cm™ below
2 000 cm™ and +4 cm™ above 2 000 cm™.,

RESULTS AND DISCUSSION

Crystal Structure.—The molecular conformation and
atomic numbering scheme used for K3[N(SOs),]-H,0 is
shown in Figure 1. The anionic species N(SO3)y3~ pos-
sesses approximate Cg, point symmetry. The atoms
0(12), S(1), N, S(2), and O(22) deviate by —0.07, 0.22,
—0.32, 0.23, and —0.06 A respectively from the least-
squares plane drawn through these atoms. Interatomic
distances and angles are listed in Table 2.

* For details see Notices to Authors No. 7, J.C.S. Dalton, 1979,
Index issue.
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The N-S bond length [1.604 (3) A] is markedly smaller
than the N-S single-bond length (1.74 A) given by the
Schomaker—Stevenson rules.!12 This contraction is
attributed to = bonding involving the lone-pair orbitals
of nitrogen and the unfilled 3d orbitals of sulphur. In
potassium sulphamate, K[NH,S0;],1%14 potassium imido-
sulphonate K,[NH(SO,),],151¢ and potassium nitrilosul-
phonate dihydrate, K4[N(SO,),]:2H,0,17 there is only one
lone pair of electrons available for = bonding and conse-

oH)
FiGurRE 1 Molecular configuration and numbering scheme used
for the K,[N(SO,).]H,0 unit shown in perspective perpen-
dicular to the S—N—S plane

quently the N—-S bond lengths are larger, 1.666(6),

1.674(5), and 1.71(2) A respectively. In sulphamic acid,

NH,*SO,~,1® where there are no electrons available for =

bonding, the N-S bond length is 1.76(2) A. In spite of
TABLE 2

Interatomic distances (A) and angles (°) with estimated
standard deviations in parentheses

(a) Intramolecular distances

N—-S(1) 1.609(3) S(2)—0(21) 1.471(2)
N-S(2) 1.599(3) S(2)—0(22) 1.469(2)
S(1)—-0O(11) 1.466(3) S(2)—0(23) 1.475(2)
S(1)—0(12) 1.456(3) O(H)—H(OH1) 0.88(5)
S(1)—0(13) 1.485(2) O(H)-H(OH2) 0.67(5)
(b) Intramolecular angles
S(1)—-N—S(2) 121.0(1) 0O(11)—-S(1)—0(12) 110.6(1)
N-§(1)—O(11) 110.3(1) 0O(11)—S(1)—0(13) 110.5(1)
N-S(1)—0(12) 105.0(1) 0(12)—S(1)—0(13) 110.4(1)
N-S(1)—0(13) 109.9(1) 0(21)—S(2)—0(22) 110.5(1)
N—-5(2)—-0(21) 111.5(1) 0(21)—S(2)—0(23) 109.2(1)
N—5(2)—0(22) 104.2(1) 0(22)-S(2)—0(23) 109.9(1)
N-5(2)—0(23) 111.5(1)
(¢) Interatomic K-O distances less than 3.11 A. Intramole-
cular contacts are indicated by an asterisk
O(11) 0(12) 0(13) O(21)
K(1) 2.909 * 2.830 2.676 2.961,
2.841
K(2) 2.859,* 2.816 3.001 2.882
2.825
K(3) 2.683 2.818 2.812 *
0(22) 0(23) O(H) Mean
K(Q1) 2.852 3.009, 2.872
2.896
K(2) 2.736 3.100 2.888
K(3) 2.855, 2.865, 3.089 2.851
2.803 2.885

®)
K1)
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the shorter N=S bonds in K,[N(SO,),]'H,O, the S-N-S
angle [121.0(1)°] is smaller than that in K,[NH(SO,),]
[124.4(3)°]. This may be attributed to the repulsive
effect of the additional lone pair of electrons in the
former case.

Distortion in the O-S-O angle is common to all
members of the series and is considered to be due to
electrostatic repulsion between charged oxygen atoms
around sulphur.’® The mean O-S-O angle [110.2(1)°]
and the O-S-N angle [108.7(1)°] represent the smallest
observed deviations from the expected tetrahedral value.

The packing of the anionic and cationic species and the
water molecules in the unit cell is very symmetrical
(Figure 2). The plane containing N, K(2), and O(H)

FIGURE 2 Stereoscopic view of the packing in the cell
viewed down the ¢ axis

[plane (1)] lies at 89.9° to the plane of S(1), N, and 5(2)
[plane (2)] while the plane containing K(1), K(2), and
K(3) [plane (3)] lies at 88.8° to plane (1), and 76.0° to
plane (2). There are hydrogen-bonding associations
between the hydrogen atoms of the water molecule and
oxygen atoms of both sulphonate groups within the
same asymmetric unit. The O(H) - - - O distances are
3.02and 3.13A [O(11), O(21)] and 3.41, and 3.46 A [O(13),
0(23)]. Short inter-unit O(H) - - - O contacts are also
found with O(13) (3.21 A) and O(23) (2.86 A), while the
shortest intramolecular distances associated with the
oxygen atoms lying in the molecular plane are 3.35 A
[0(22)] and 4.03 A [O(12)]. The potassium atoms are
surrounded by a sphere of seven [K(2)] or eight [K(1),
K(3)] oxygen atoms from the sulphonates or water
molecules with K-O distances ranging from 2.68 to
3.10 A (mean 2.87 A). A complete listing is given in
Table 2(c). These values compare with those found for
other members of the sulphonate series which include
K,[CH,(SO,),] (2.71—3.22 A, mean 2.89 &), K,[NH-
(SO),) (2.71—3.23 A, mean 2.89 &), K,[S,0,] (2.70—
3.35 A, mean 2.96 A),1? and K,[CH(SO,),]'H,0 (2.66—
3.07 A, mean 2.83 A).10

Vibrational Investigation.—For an isolated N(SO,),3~
ion of Cg, symmetry the 21 normal modes of vibration

* The » axis of the isolated N(SO,),*~ ion is taken to be per-
pendicular to the NS, plane, and the z and y axes to be along and
perpendicular to the NS, bisector respectively.
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are described by the symmetry species * 74, + 44, +
4B, + 6B,. The A4,, B;, and B, modes are ir. and
Raman active whereas the 4, modes are Raman active
only. Approximate descriptions of these modes in
terms of internal-co-ordinate contributions are given
in Table 3. Considerable mixing of these motions is
expected in the actual normal modes. In the crystal, all
atoms of the K;[N(SOs),]*H;O unit occupy general
positions and hence factor-group analysis yields the
vibrational representation shown in Table 4 (acoustic
modes omitted). The 4, modes are Raman active only
whereas 4, modes are i.r. active only. The correlation
between point, site, and unit-cell symmetry species is
given in Table 5. The ir. and Raman spectra of
K,[N(SO,),)-H,O at 77 K are shown in Figure 3. The

TABLE 3

Approximate internal-co-ordinate contributions to the
vibrational modes of N(SO;),3"(Cs,)

N—S stretches A, + B,
NS, deformation A4,
S—O stretches 24, + A, + B, + 2B,
SO, deformations 24, + Ay + B, + 2B,
SO; rocks A, + A, + B, + By
SO, torsions 4, + B,

TABLE 4
Vibrational representation for K4[N(SO,),]"H,O

T'[internal N(SO;),*~ modes] 21(4, + Au)
T'(internal H,O modes) 34, + A
I'(rotatory modes) 6(A4, + Ay)
T'(translatory modes) 164, + 124,

TABLE b
Correlation scheme for K [N(SO;),}*H,0
N(SO,),* and

H,0, C,, Site, C, Unit cell, C;
A4, (R, ir.)
A4, (R)
A4, (R,-) A (R, ir) /
, i

B, (R, ir) \A (i)

o (1.1,
B, (R, ir.

observed frequencies (including those for the 15N and 2H
derivatives and the aqueous solution of the sodium salt)
and their assignments are given in Table 6.

In the S-O stretching region, two polarized bands (986
and 1074 cm™) are observed and assigned to the A4,
modes. The broad depolarized band at 1158 cm™ is
split into four components in the solid-state spectrum,
each with a counterpart in the infrared. These cor-
respond to the antisymmetric S-O stretches (4, 4+ B; +
2B,). The mode having least intensity in the ir.
(1 126 cm™) is assigned to the A, species, which gains i.r.
activity through solid-state effects only. Of the remain-
ing bands in this region, that at 1 156 cm™ is tentatively
assigned to the B; mode and hence those at 1162 and
1193 cm™ are assigned to the B, modes.

The assignment of the strong polarized band at 794
cm™ to the symmetric N-=S stretch (4,) is made on the
basis of the isotopic (1¥N) frequency shifts (3—10 cm™)
of the corresponding i.r. and Raman bands of the solid.
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TABLE 6
Observed frequencies and assignments for the N(SO;),3~ ion, and K3[N(S0;),]*H,0 and its *N and ?H derivatives
Ka[N(SO‘.,),;I\-H,O (77 K)

1.0 mol dm™ N(SOg),*~ Raman Infrared
Raman - A \ - ~ -
(i.r. in parentheses) 1N (I5N) @ 2H HN(15N) @ *H Assignment
60w 59w
70w 68w
78w 79w
95vw 95vw 9lw 91w lattice modes
100w 100w 99w 99w
116w 114w
123w 123w 126w 127w
134vw 133vw 139w 140 (sh)
151w 151w 147w
161w 162w 161w,br 163w,br
178w 174w
197vw 192vw
190w, br 183w,br 3(NS,) (4,)
219w 218w 217w 217w 6(SOy) (B,)
270vw D,O rock (B,)
339m 341m 342vw 341vw o(SO;) (By)
349vw H,0 rock (B,)
362s,p 360m 358w 360vw 354w e(SO;) (4,)
370 (sh),dp 379m 383m 375vw e(SO;) (4,)
ca. 400w, vbr ca. 380w,br D,0 wag (B,)
456vw 461vw 3(SO,) (B,)
ca. 480w,vbr 487w,br 486vw H,0 wag (B,)
529m,p 527m 531m 525w 525w 3(S0Oy) (4,)
545 (sh),dp 551w 552w 555w 548w 3(SO;) (By)
577vw 578vw 580vw 579 (sh) 3(SO;) (4,)
610w,dp (610 %) 624m (619m) 622w 611s 604s 3(SO;3) (B,)
618 (sh) 525 + 100 (=625)
629 (sh) 629m 527 + 100 (=627)
687w,p 681vw 681vw 675vw 673vw 3(S0,) (4,)
(875vw)
794s,p (780 %) 787s (777s) 790s 775m (766m) 774m vy(N=S) (4,)
964 (sh) 959w (sh) 487 4- ca. 480 (ca. 967)
986w,p (983s) 983vw 984vw 982s 975s »(S—0) (4,)
1035 (sh) 675 4 360 (=1 035)
(1 046sh) 1 044w 1 041w 1 042s 1 039s v(N=-S) (B,)
(1012w) (1 041s)
1 074vs,p (1 061m) 1 082vs 1 082vs 1 070m 1 066m »(S—0) (4,)
1128w 1125w 1126m 1121m #(S—0) (4,)
1 158w,br,dp 1156m 1 150m 1157s »(S—0) (B,)
(1 160s,br) 1162m 1160m 1177s 1 160s,br »(S—0) (B,)
1193m 1191m 1 195s v(S—0) (B,)
1 208vw 1 210 (sh) 3(DOD) (4,)
1417vw 3(HOD) (4")
1 447vw 3(HOD) (4
777 + 766 (=1 543)
1 556vw 1 564vw 787 + 775 (=1 562)
1 600 (sh) 1210 + ca. 400 (~1 610)
1 635w 1637vw 3(HOH) (4,)
1012 + 766 (=1 778)
1817vw 1817vw 1044 + 775 (=1 819)
2 120vw,br 1635 + ca. 480 (=2 115)
2 530m 2 520m v(O—D) {4,)
2 560 (sh) »(O—D) (HDO) (247)
2 600 (sh), br 2 610m v(O—D) (B,)
3 455m 3 453m 3 456w ¢ v(O—H) (4,)
3481m v(O—H) (B,)
3 520 (sh) 3 515 (sh) 3 510 (sh) 2 X 1635 + ca. 250 (ca. 3 520)

@ 15N frequencies given where they differ by >4 cm™.
° Contains contributions from »(O—H) (HDO) {4’).

Also, bands at 1042 and 1044 cm™ in the ir. and
Raman spectra respectively of the solid shift by 28—32
cm™ on N substitution and are therefore assigned to the
antisymmetric N-S stretch (B,). The B, mode is
probably masked by the intense band at 1074 cm™ in
the Raman spectrum of the aqueous solution, but appears
as a shoulder at 1 046 cm™ in the infrared.

The SO, and NS, bending and the SO, rocking
vibrations are crowded together in the region below

3 Relative intensity uncertain due to contribution from H,O libration.

700 cm™ and hence considerable vibrational coupling
between them is expected. However, modes having
predominantly SO, bending character probably occur at
higher frequencies than those which are predominantly
SO, rocking. This is consistent with the frequencies 20
observed for the SO, bending (534 cm™) and rocking
modes (374 cm™) of sulphamic acid, NH;*SO,~. Also,
it is a reasonable assumption that the predominantly
NS, bending mode (A4,) will occur below those in-
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volving mainly SO, group motion, as in the case of the
symmetric N=S and S-O stretches.

On this basis, the three polarized bands observed below
700 cm™ are assigned to the symmetric (4,) SO; bending
(687 and 529 cm™) and rocking (362 cm™) modes.
Bands at 456 and ca. 340 cm™ in the solid-state spectrum
are tentatively assigned to the B, bending and rocking
modes respectively.* Bands at 580 and 375 cm™ in the
i.r. spectrum of the solid have very weak intensity and

1095

trum of anhydrous K,[N(SO,),] (186 cm™), shifts by
7 cm™ on deuteriation. This shift is attributed to a
band arising from an essentially translatory mode of the
water molecule which is buried in the broad absorption
envelope. Indeed, a Raman band at 197 cm™, which is
absent from the spectrum of anhydrous Kg[N(SOy),],
shows a similar shift (5 cm™) on deuteriation. No
assignment is made for the SO, torsional modes, which
are expected to occur below 50 cm™.

~—

/
-‘-
(6)
4000 ' 3000 ' 2000 ' 00 1200 ' 800 400 0
dlem?
(c)
wo o+ 3o T 2o T b0 T
Jlem™

FiGure 3 Infrared (400—4 000 cm™) (a), Raman (),

therefore are assigned to the A, bending and rocking
modes respectively. The depolarized bands at 610 and
545 cm™ can then be assigned to the B, bending modes
and those at ca. 220 cm™ in the spectrum of the solid to
the B, rocking mode.

Having accounted for the SO; bending and rocking
modes, the broad i.r. band at 190 cm™ can be assigned,
in part, to the NS, deformation. The intensity maxi-
mum of this band, which has a counterpart in the spec-

*In the vibrational spectrum of imidosulphonate NH-
(SO;).% (C,) (unpublished work), the five 4’ SO, bending/rocking
modes (corresponding to 34, + 2B, under C,, symmetry) are
assigned the bands at 666, 525, 450, 324, and 316 cm™®. A
similar comparison supports the assignment of the band at 1 156
cm™! to the B, S—O stretch.

and far-i.r. (¢) spectra of K,;[N(SO,),]"H,0 at 77 K

The observed isotope (°N) effect on the vibrational
frequencies of N{50,),%" is in reasonable agreement with
the predictions of the Teller-Redlich product rule. The
observed (calculated values in parentheses) t products
of the isotopic frequency ratios [**N(SO5),37/“N(SO,),3"]
are 0.965 (0.967) (A4,), 0.993 (1.000) (4,), 0.996 (0.977)
(B,), and 0.965 (0.968) (B,).

Bands corresponding to the internal modes of H,O are
assigned on the basis of their isotopic (deuterium) fre-
quency shifts and by their absence from the spectra of

t The calculated products were determined using the general
formula given by Herzberg.2! Each SO, group was regarded as a
single entity of 1.33 x 1072% kg with its centre of mass at the point
of half-height (0.2 A) of the SO, pyramid. The SO, torsions
were neglected in these calculations.
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the anhydrous salt. The shoulders at 3 515 and 3 520
cm™in the i.r. and Raman spectra respectively are absent
from the spectra of the anhydrous salt, but there are no
corresponding features in the O-D stretching region of
K3[N(SO;),]'D,0. These features are probably due to
combinations which gain intensity through Fermi
resonance with O-H stretches. Possible combinations
are those involving unobserved, essentially H,O transla-
tory modes at ca. 250 cm™ and the overtone of the HOH
deformation at 1 635 cm™. The frequencies of the O-H
stretches and HOH deformation add further support to
the proposal that the water molecule is involved in
hydrogen bonding.

{a)

(b)

(c)

2400

2700
Flem?

Ficure 4 Infrared spectra (KBr discs) of partially deuteriated
K;[N(S0,),]'H,O at 77 K in the O—D stretching region:
(a) 92.2, 7.6, and 0.2; (b) 64, 32, and 4; and (¢) 4, 32, and 64
mol % of H,O, HDO, and D,O respectively

Due to the incomplete deuteriation, the O-D stretching
region of K [N(50,),]-D,O contains contributions from
the HDO species. Therefore, the assignment of bands
in this region is based also on the changes which occur
for samples having varying degrees of deuteriation.
Also, these changes are consistent with the space-group
requirement that the hydrogen atoms of the water
molecule are inequivalent. This inequivalance is prob-
ably associated with their involvement in hydrogen bonds
of different strengths and is consistent with the O(H) - - -
O(S0O,) interatomic distances.

The i.r. spectra of partially deuteriated samples of
K,4[N(SO,),-H,O at 77 K in the O-D stretching region
are shown in Figure 4. Two features are apparent in
the spectrum of the least deuteriated sample (a) (2 553
and 2 565 cm™). These are ascribed to the HDO species
since the D,0 concentration (0.2 mol 9,) in this sample is
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negligible. Furthermore, the HDO concentration (7.6
mol 9%,) is low enough to prevent significant correlation
coupling from occurring and hence the presence of two
bands is indicative of two types of HDO molecules in the
crystal. Therefore, the hydrogen atoms of K;[N(SO,),]*
H,0 must be inequivalent. On increased deuteriation
[(b) and (c)], the growth of two new bands is observed.
These bands, which increase in intensity relative to those
of HDO, are assigned to the 4, (2520 cm™) and B,
(2 610 cm™) modes of D,0. Spectrum (c) represents the
highest deuteriation achieved.

The assignment of i.r. bands to the H,O wagging (B,)
(487 cm™) and rocking (B,) (349 cm™) modes is based on
their isotopic frequency ratios, v(H)/v(D) (1.28 and 1.29
respectively), and their absence from the spectrum of
anhydrous K4[N(S0O,),]. The H,0O and D,0 wagging
modes are observed in the Raman spectrum also. The
water twisting mode (4,) is not observed. In the ir.
spectra, the wagging modes of HyO and D,O are also
observed in combination (2 120 and 1 600 cm™ respect-
ively) with the deformation modes. The combination of
the 4, and 4, wagging modes of H,O is also observed
(964 cm™). Similar assignments of combination modes
have been made for some other crystalline hydrates 22
and for ice.?

Seventeen lattice vibrations are observed below 200
cm for K3[N(SO;),]'H,O. Some of the lower-lying
modes may of course have some SO, torsional character.
In all, 20 of the predicted 39 lattice modes are observed.

The present assignment of the intense Raman bands at
1074 and 794 cm™ to the A; S—O and N-S stretches
respectively is in agreement with that of Siebert.! How-
ever, Siebert assigned an intense band at 1 000 cm™ in
the ir. spectrum of Nag[N(80,),]'12H,0 to the B, N-S
stretch (¢f. 1 046 cm™ in the present work). It is more
likely that this band is due to the 4; S-O stretch ob-
served at 986 cm™ in the present work. The B, N-S
stretch of the sodium salt probably gives rise to an i.r.
band at 1015 cm! which was assigned to a B, S-O
stretch by Siebert.
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