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A Raman spectral study of the equilibria of zinc bromide
complexes in DMSO solutions.
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* Present address: Hyogo University of Teacher Education,
942-1 Shimokume, Yashiro-cho, Kato—gun, Hyogo, Japan 673-14

ABSTRACT

Using Raman spectroscopy, the stepwise formation of zinc
bramide camplexes in dimethylsulfoxide (DMSO) solution has been
investigated. The presence of four different zinc- bramide
camplexes is suggested and their Raman spectra have been extracted.
The formation constant of each reaction has been estimated by the
application of factor analysis to the spectra. The usual methods of
factor analysis have been extended by the introduction of
constraints imposed by the equilibria.

KEY WORDS: zinc bromide complexes; solvation in DMSO; Raman
spectroscopy; factor analysis.




INTRODUCTICN

Professor Ronald J. Gillespie has had a long standing interest
in the shapes of camplexes and molecules. It is a pleasure to
dedicate this article to him on the occasion of his 65 th birthday.

Ahrland and co-workers have reported the res:its of detailed
studies of metal camplex formation between Group ZIB metals and
halide ions in the dipolar aprotic solvent, dimethylsulfoxide
(DMSO) (1-9) . Emphasis was placed on the themodyramics of the
stepwise equilibria and evidence for structural changes between
successive camplexes. The solvent, DMSO has been investigated quite
extensively as a neat liquid (10-12), and as a solvent in which
camplex formation occurs. The camplexes are more stable in DMSO
than in water because the former has a lower dielectric constant
(1,3,9) . The uncamplexed metal cations — zinc, cadmium or mercury
— are believed to exist as octahedral species, the ions being
solvated via oxygen by six DMSO molecules (6,13,14). However
evidence suggests that their coordination symmetry changes fram
six—-coordinate octahedral to four-coordinate tetrazhedral as higher
halide camplexes are formed. Enthalpy and entropy values for the
cadmium halide system suggest that a coordination change occurs at
the second step of camplex formation: a step fram CdBr* to CdBr;
(2) . For the zinc bromide camplexes Ahrland et a’. have suggested
the possibility that the change occurs at the first step of complex
formation in 1M NH4ClO4 media: a step from zn?* tc ZnBr* (4). 1In a
succeeding paper (7), they reported that the step giving rise to the
coordination change depends upon the co-existing salt and ionic
strength of the solution, such that this change ir. coordination of

the zinc bromide camplex might occur at the second step in 0.1M
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NH4C1lO4 media. Several other methods such as NR (15,16) and X-ray

di ffraction (17) have also been used to study this kind of
phenarenon. All reports support the view that the camplex finally

formed — ZnBr42° or CdBr42‘ - 1is a tetrahedral camplex.

Raman spectroscopy is a useful tocl for investigation of the
structure of these camplexes because the latter have Raman active
vibrational modes (18-21); and the technique is, in principle,
capable of providing information about their geametry. Fram the
Raman intensities information about the concentrations of each
species can be adbtained and hence the stability and equilibrium
constants can be estimated. This work was undertaken to carplement
recent studies of zinc and cadmium bramide camplexes in water (20,
21) and to extend those works to nonaqueous solutions. This work is
focussed on zinc bramide camplex formation in DMSO solutions,
especially on the detemmination of the stepwise stability constants
and the stage at which the coordination change takes place.

EXPERIMENTAL

Nine solutions were prepared by dissolving given amounts of
zinc bromide (J.T. Baker, "Baker Analyzed") ZnBrp and different
amounts of sodium bromide (BDH, Laboratory Reagent) NaBr in solvent
DMSO (BDH, Analytical Reagent) SO(CH3)p. In order to prepare
solutions with different R values (the molar ratio of total bramide
to total zinc) sodium bramide was added. In the case of R < 2.0,
zinc perchlorate (&GS Chemicals) Zn(ClO4)o - 6Ho0 was used in place
of sodium bramide. The introduction of a small amount of water is
not expected to introduce a serioué prcblem as DMSO solvates

zinc (IT) much more strongly than water does (5,9). R values of the
sample solutions and their campositions are given in Table 1.
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Ccricentrations are given in mol kg™l of DMsO.

Samples were placed in glass capillary tubes for Raman
me=surements. To avoid solvent evaporation the open end of the
czzillary was flame—-sealed. All spectra were collected at a

terperature of 25°C by using a thermmostatted capillary tube holder.
Raman spectra were recorded using a Jarrell-Ash 25-100, 1.0

me=er Czerny-Turner monochramator equipped with a digital cosecant
st=oping drive, an RCA 31034 selected photamltiplier tube, and an
S&= model 1105/1120 photon counting system. Spectra were excited by
the 514.5 rm line of a Spectra-Physics Ar' Laser, Model 165,

=rating at a power of 1400 miW. The spectrameter was interfaced to
Camodore-Pet Model 2001 and 2040 camputers. The digitized data
were also analyzed by the DEC-PRO 380 and VAX 11/785 camputers,
using procedures such as spectral band fitting, exponential base-
line correction, and factor analysis.

RESULTS AND DISCUSSION

Four spectral regions; a) 260 to 420 an~l, b) 800 to 1150 an™l,
c) 600 to 750 anl and d) 150 to 230 am™l are considered below.

a) 260 to 420 a1 region of the Raman spectra.

This region, shown in Figure 1, contains the symmetric and the
ar—isymmetric deformmation bands of the carbon-sulfur-oxygen bond at
362 and 333 an~i respectively, as well as a carbon-sulfur-carbon
deZormation band at 305am™l. No additional bands were doserved and
the three bands showed no significant change in band shape with the
ckange in R value.

b) 800 to 1150 em™l region of the Raman spectra.

The bands of this region arise fram the sulfur-oxygen vibration
of DMSO. Figure 2 illustrates the effect of carplexing on the
su_fur-oxygen vibration of the DMSO molecule as the R value

‘__
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increases. Solid lines are the Raman spectra of each sample and
dczted lines show the spectra of neat DMSO. Sharp peaks cbserved at

93 an~! for R=1.0 and 1.5 samples correspond to the v; (aj)

sy-metrical stretching vibration of perchlorate ion. The shaded
ar=a between the solid and the dotted lines indicates the difference

be—ween the spectrum of the neat solvent and that of the sample
sc_ution; it arises fram the perturbed sulfur-oxygen bond, resulting
from the solvation by DMSO molecules of the zinc cation (cf. Ref.6).
Tre decrease in the shaded area suggests the decrease in the amount
of DMSO solvating the zinc cation as the bramide concentration
increases. The sulfur-oxygen stretching band, seen in Fig.2 at 1042
a1, provides indirect information for the zinc-DMSO bonding. If
sae interaction occurs between zinc cation and oxygen of the DMSO
mc_ecule, the metal cation will attract the electron cloud of the
su_ fur-oxygen bond, and as a result reduce the bond order of the
su_fur-oxygen bond. Consequently, the vibrational energy will be
lowered and the Raman band position will shift to a lower
waenumber. The evidence for this shift is clearly seen at R=l in
Fic.2; a new band appears at 1017 an~! (1021 anlin the solid
so_vate (6)). On increasing the R value, obviously there is seen a
decrease in the intensity of this new band. At R=3.2, the new peak
no longer exists. This fact is interpreted as desolvation of DMSO
fram the solvation sphere of the zinc cation to the free bulk state.
c) 600 to 750 an~l region of the Raman spectra.

This wavenumber region is daminated by a symmetric stretching
ba~d at 670 an~l and an antisymmetric stretching band at 700 an~i,
beth due to the carbon-sulfur bonding in the DMSO molecule. Figure
3 provides camparison of the Raman spectra of the neat DMSO (dotted
lires) and the DMSO/Zn?t-Br~ mixtures (solid lines). The shaded
area between the two spectra indicates the difference between the
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spectrum of the neat solvent and that of the sample solution. At
the lowest R value, R=1.0, two additional peaks appear at higher
wavenumbers, 681 ahd 714 an~l (683 and 717 an! in the solid solvate
(€)). As described in the previous section the solvation of zinc
icn by DMSO molecules reduces the bond order of the sulfur-oxygen
becnd.  This may cause the adjacent carbon-sulfur bond to aquire

ex-ra electron density and its bond strength to increase. As a
mazter of fact, the peak wavenumber of the carbon-sulfur vibration
shifts to a higher wavenurber. It is important to note that with an
increasing R value the intensity of the shifted peak decreases
corsiderably. At approximately R= 2.8 to R= 3.2 these additicnal
bands have essentially disappeared, again. This intensity decrease
seems to be ccnsistent with the decrease in the number of DMSO
mc_ecules solvating zinc cation.

d) 150 to 230 an™1 region of the Raman spectra.

The fourth region contains the vibrations due to the zinc
bramide camplexes as a whole (Figure 4). These original spectra
cortain an exponential background due to the Rayleigh scattering.
This background was subtracted by using an exponential-quadratic
base-line correction program (22,23), to give Figure 5.

Three Raman bands at 197, 180 and 166 am™! corresponding to
zinc bromide camplexes are clearly seen in Fig.5. At the low R

va_ues the presence of an additional band is also expected at 207
a~l. @& very weak shoulder at . 176 anl for R=1.0 (Fig.4)

corresponds to a band of the hexasolvate abserved by Sandstrim et
al. (6)). The band at 166 an~l is detected only for R > 3.2. These

four bands seem to be related to four complexes: ZnBr®, ZnBry,
Zn3r3~, and ZnBr42'. Ahrland et al. have reported the presence of

three camplex species — ZnBr', ZnBrp, and ZnBr3~ (7,8) — and have
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calculated their fommation constants fram calorimetric data. When
the concentrations of the species are calculated using their
 formation constants, it is proposed that the dominant species at
R=3.2 is ZnBr3~; this proposal is consistent with the fact that the
Reman spectrum has only one peak at 180 an~l for the R=3.2 sample
(Figs.4 and S). This fact allows an identification of the bands as

follows: 207 (ZnBr'), 197 (ZnBrp), 180 (ZnBr3~), and 166 cm™t
(ZnBr42‘) . The cbvious appearance of the 166 an™l peak at R > 3.2
confimms the existence of the ZnBr42‘ camplex.

In order to isolate the spectrum of each species fram the
cverlapped spectra, factor analysis was applied to this spectral
region after base-~line correction. It was difficult to dbtain the
absolute intensities of each spectrum from experiments. Thus all
spectra were normalized assuming the intensity at 180 an~! to be

ccnstant (See Figure 5): ZnBr3~ standard. The procedure for the
factor analysis is described in Appendix A. The analysis showed

that three or four factors are necessary to reproduce the measured
spectra. The indication of four factors (four camplexes) was
acopted, as this is consistent with the existence of four bands
described above. In this case, the spectra shown by the dotted
lines in Fig.5 were reproduced and are in good agreement with the
measured spectra as shown by solid lines in Fig.5S.

The extracted spectra of each pure species and their
concentration distributions are shown in Figure 6. The spectrum of
Factor A and that of Factor D show same negative Raman intensities;
and this fact indicates that this result is not necessarily correct.
In factor analysis, many carbinations of spectra and concentration
distributions, namely R and C matrices (being introduced in
Apoendix A), reproduce the same spectral data (I). We can rotate

e
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the bases of these two matrices R and C, while keeping their
product I constant. In order to carry out a meaningful rotation of
the matrix, we adopted a new method, called Factor Analysis with
Ecuilibria Constraints (FAEC) described in Appendix B, which took

irzo account information about the equilibria amorg species. As a
result, the spectrum of each species and its concentration change as
stown in Figure 7 were cbtained. The spectra of Factors A and D
stZ1ll have a large contribution fram the noise camponent, but no
lcriger have any significant negative intensity. The formation
ccr.stants were also obtained by the treatment of Appendix B and are
taoulated in Table 2, together with the values determined
ca_orimetrically (4-7). The calorimetric results suggested that the
fc—mation constants depend strongly on the ionic media; for example,

ir. the case of 1M NH4*, interaction between NH4* and Br~ is

exected. Recognizing such dependence upon the solution camposition,
the formation constants cbtained in this work are fairly consistent
w.-h the others. Our analysis does not lead to precise estimates of
trhe errors associated with the formation constants, other than the
gcodness of fit to the original spectra (Fig.S5). Considering errors
ir baseline construction and signal noise, uncertainties of +10%
wc2ld not be unreasonable. Raman spectroscopy is particularly
va_uable for identifying species and equilibria but lacks the
pr=cision available fram such methods as potentiametry for
quantitative analysis.

Distribution curves for each species are shown in Fig. 8.
Ir. the upper panel of Fig.8, the fraccions of each species are
pl-tted versus logarithmic values of the free braride concentration.
Ni-e vertical lines show the corresponding positions of log (Br~] of
the sample solutions used for this work, labelled with each R value.
Tre figure indicates that the predaminant equilibrium is between

e
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2rp and ZnBr3~ in the range fram R= 2.4 to 3.2. On the other

hamd, when log (Br] > -1, namely (Br] > 0.1, the contribution from
tre species ZnBr42‘ becames important. Ahrland et al. reported that
ir2rs2” is negligible; it was not required in the previous
ir—erpretation of the calorimetric data (7,8). Our results, however,

pcsitively suggest the presence of ZnBr42'. This ion is well

cr.zracterized in aqueous solutions (20,24).

Ahrland et al. have concluded that the camwrlex with two or
mcre bramide ions is tetrahedral; but ZnBr' might be octahedral in
sae ionic media (7,8). The ~15 am™l equi-interva’ shift of Raman
bands of successive zinc bramide complexes to lower wavenumbers, as
skown in Fig.7, may suggest that the four camplex species have the
seme coordination; thus ZnBrt may also be a tetraredral ion, and
or_y the Zne* solvated ion is octahedral. The corcept that ZnBrt

as tetrahedral coordination is consistent with the earlier report
of Ahrland, carried out in 1M NH4ClO4 media (4).

The lower panel of Fig.8 gives the calculated result for the
fraction of DMSO molecules solvating zinc ion plotted versus log
[Ex~], assuming that free Zn2t ion has octahedral solvation and all
zinc bromide camplexes have tetrahedral coordination. The amount of
DMSO octahedrally solvating zinc ion, DIVSOOhof Fig.8, rapidly
decreases and becames almost zero at R=2.8. The total amount of

DMSO molecules tetrahedrally solvating zinc ion, ’;1\4501-“l of Fig.s,

ir.creases with the increase of the R value. Carmparing Fig.2 and
Fiz.3 with the lower panel of Fig.8, the followinc picture can be
iragined: the DMSO which is responsible for the shifted Raman
bands, the shaded parts of Fig.2 and Fig.3, is octahedrally
sclvating the 'free' zinc ion, not the tetrahedral species. Thus,

:—




s

“re shaded parts disappear about R=2.8. This opinion is still
sceculative, but seems to be reasonable when we consider that any
2imc bromide camplex has a less positive central charge due to the
effect of the negative charge on the attached bramide; and an
2ffective attraction for the electrons of DMSO by the camplex
oecames weaker than in the case of the di-chargec free zinc ion. It

Is also worth noting that the nexaaquozinc ion geve a Raman signal,

ous not the poromide-containing camplexes (20). Ecuilibria among
z-<*, znBrt, ZnBrpy, ZnBr3~, and ZnBr42‘ explain a1l the properties

2f the Raman spectra abserved for DMSO solutions.

In conclusion, the Raman spectra of DMSO solutions
ccrzaining zinc bramide complexes give information about the
staowise formation of the zinc bromide camplexes as well as
InZormation about the structure arising fram the solvating DMSO

~c_acules.

Appendix A General procedure of Factor Analysis
Factor analysis is a powerful procedure for the analysis of
overlapped spectra (25-28). A data matrix I is formed from the
Raman intensities; in this work nine solutions were prepared and the
inzensities of 80 wavenumber points were used for each spectrum.
AlZ spectra used were nomalized at 180 anl so as to have constant
inzensity. The data matrix I consists of 80 rows and 9 columns. Each
co_umn corresponds to the intensity -nommalized (at 180 aml)
spectrum of each sample solution. A second-moment matrix (scmetimes
ca”led covariance matrix) Z is cbtained by multiplication of the
daza matrix I with its transposed matrix ‘I.
[1: z = tr 1
Using the Jacobi method, an eigenvalue matrix E and an eigenvector
matrix Q are dbtained.
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(2 z = 9 E Q

Tre eigenvalue matrix E will have the same nurber of rows as Z.
Tre number of independent camponents in the sample spectra, NC, can
be obtained from the IAND function introduced by Malinowski (29) or
by checking the original data matrix I with the reprocuced data

mazrix I' assuming a proper nurber of NC.

In the case of NC factors, the eigenvectors corresponding to
the NC largest eigenvalues can be taken out and aligned in rows to
cerstruct a new matrix C, known as the first expression for the
ccr.centration matrix. By multiplying the transpose of the
ccrcentration matrix € with the data matrix I a new matrix R is
cc-ained, which is known as the spectral matrix.

(3 R = I tc

Wr=n the spectral matrix R is multiplied with the concentration
ma-rix C, a theoretical data matrix is reproduced.

(4: I = R Cc

The reproducibility of the theoretical data matrix can be
exzmined by calculating the error function ER , which is the sum of
the squares of the differeces of each element of two matrices I and
I' (25).

5 ER = (ZiZ3 ((Miy= TN3512)Y2 7 @z (035192
where (I);4 indicates the element at ith row and 3§t colum of the

mazrix I. The optimum number of factors, NC, can be selected as the
nurber where convergence of ER is doserved.

In this v .,vk IAD function proposed the presence of three
factors; an~ (7. function proposed three or four factors as
incGependent fa~~rs. From the discussion of the number of
caplexes 1n the sample solutions (see text), factor number NC = 4
was adopted. The result from the IND function simply implies that

4-—-—
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the contribution of the peak at 207 an~! (ZnBr') to the dbserved
Raran spectra is very small. As a result, a spectral matrix R of 80
rows and four colums, and a concentration matrix € of four rows and

nime colums were cbtained. Each colum of R corresponds to the

spectrum of each ccnstituent as shown in Fig.6, and each row of the
ccr:centration matrix € corresponds to a concentration distribution
of this constituent.

Appendix B Rotation of bases of R and C based on the
equilibria among the species. -- Application of FAEC
(Factor Analysis with Equilibrium constraints) --

The R and C matrices sametimes contain negative values. The
result of Appendix A is such a case. Now the bases of matrices can
be rotated to avoid such negative values.

[6f RO = R TR
(7- (o = Tc C
If the rotation matrices Tg and Tc have the following relationship,
(8: TR Tc = U
where U is the unit matrix having unit value as diagonal elements
and zero value as other elements, the product of R° and CP remains
exzctly the same as I' (Eq. [4]).

We assume the following equilibrium reaction for the stepwise

zinc bramide camplex fomation:

(9: B + X = BXp
Then, we can express the stepwise formation constant Xy as follows,
(1C] En = (AXp] 7/ [AXpe1] [X]

where the relation between the cumulative stability constant 8 and

the stepwise fomation constant X is expressed as follows,

(11] 8 = K K " Bk

———
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In this work, we assume the presence of four zinc brumide camplexes;
thus we have four K 's. If the values of K 's and the total amount
of the reagents (zinc ion and bramide ion) are known, the real
concentration of each species in each solution, which corresponds to
the elements of the true concentration matrix C°, can be calculated
assuming the activity coefficients are unity. The matrix cbtained

fram factor analysis, €, can be related to this C° by using the
proper rotation matrix Tc through Eq. [7]. The elements of the

rotation matrix, Ts, can be cbtained by applying the nonlinear least
squares method to minimize the following function L34 (30).

(12] LSM = EE ( (CO) 44 = (Tc €134 )?

A set of K values gives one LY value. By iterative refinement of
K values so as to ;give a minimum LY value, finally an cptimum set

of K's and Tc is obtained. Thus the optimum matrices C° and R°

are also dbtained using Eq. [6]-[8]. As a result, this procedure
produced the spectra and the concentration distributions as shown in
Fig. 7, as well as a set of formmation constants as tabulated in
Table 2. For initial values of the parameters, K 's , the
literature values of Ahrland and Persson were used (8).
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Table 1 Analytical Campositions of Nine Sample

solutions with Different R Values.

1.0
1.5
2.0
2.4
2.8
3.2
3.6
4.0
6.0

zn2+

0.649
0.786
0.484
0.517
0.496
0.466
0.294
0.406
0.169

Br~

0.649
1.178
0.968
1.241
1.389
1.492
1.058
1.624
1.016

Nat

0.000
0.000
0.000
0.207
0.397
0.560
0.470
0.812
0.678

Clog4~

0.649
0.3%4
0.000
0.000
0.000
0.000
0.000
0.000
0.000
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Table 2 Stepwise Stability Constants of Zinc
Bramide Camplexes in DMSO.

1M NHg*t 0.1M NH4* 1M Na* This work
log K3 0.85 1.86 1.56 1.6
log Kp 2.89 3.31 3.11 3.2
log K3 1.35 1.98 2.05 2.2
log Ky — — _ -0.6




Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Figure captions

The 260 to 420 cm™! region of the Raman spectra of
samples with the specified values of R.

The 800 to 1150 an~1 region of the Raman spectra of
samples with the specified values of R. Dotted lines are
Raman spectra of pure DMSO solvent. The shaded part is
the difference between the spectrum of the sample and
that of pure DMSO.

The 600 to 750 an™! region of the Raman spectra of
samples with the specified values of R. Dotted lines are
Raman specta of pure DMSO solvent. The shaded part is the
difference between the spectrum of the sample and that of
pure DMSO.

The 150 to 230 an™l region of the Raman spectra of
samples with the specified values of R.

Camparison of nommalized Raman spectra (solid line) and
reproduced spectra (dotted line) fram factor analysis.
The Raman spectrum of each species and its concentration
distribution cbtained fram factor analysis.

The Raman spectrum of each species and its concentration
distribution dbtained after applying the equilibrium
constraints among species.

The calculated concentration distribution of
zinc~containing species (upper figure) and the fractions
of DMSO molecules solvating the zinc-containing species

(lower figure).

/5.
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—

Raman intensity (arbitrary unit)

R6.0
260. 280. 300. 320. 340. 360. 380. 400. 420.
wavenumber / cm'1

Fig. 1  The 260 to 420 on~l region of the Raman spectra of
samples with the specified values of R.
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Fig. 2 The 800 to 1150 am™l region of the Raman spectra of

samples with the specified values of R. Dotted lines are
Raman spectra of pure DMSO solvent. The shaded part is
the difference between the spectrum of the sample and
that of pure [MD
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R2.0

R2.4

Raman intensity (arbitrary unit)

R3.6

R4.0

R6.0 |
600. 650. 700. 750.
wavenumber / cm'1

Fig. 3 'meGOOto'ISOcn‘lregimofthePamnspectraof
samples with the specified values of R. Dotted lines are
Raman specta of pure IMSO solvent. The shaded part is the
difference between the spectrum of the sample and that of

pure DMSO,
e
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R1.0

R1.5

Raman intensity (arbitrary unit)

. .Y
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150.  160.  170.  180.  190.  200. 210,  220. 230,
wavenumber / cm'1

Fig. 4 The 150 to 230 an~! region of the Raman spectra of

saples with the specified values of R.
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R1.5
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Raman intensity (arbitrary unit)

1 y J J ] '] y
150. 160. 170. 180. 190. 200. 210. 220. 230.
wavenumber / cm'1

Fig. 5 Outparismofmmlizedl?amnspectn(soudlme)am
reproduced spectra (dotted line) from factor analysis.
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Fig. 8 The calculated concentration distribution of
zinc-containing species (upper figure) and the fractions
of IMSO molecules solvating the zinc—containing species
(lower figure).
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