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Raman microscopy study of basic

aluminum sulfate
Part Il Raman microscopy at 77 K
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The tridecameric aluminum polymer [AIO4Al12(0OH)24(H,0)4,1’+ was prepared by forced
hydrolysis of AI** up to an OH/Al molar ratio of 2.2. Upon addition of sulfate the tridecamer
crystallised as the monoclinic basic aluminum sulfate Nag 1[AlIO4Al12(0OH)24(H20)121(SO4)3 55.
These crystals have been studied using Raman microscopy at 300 and 77 K and compared
to Na,S0O4-xH,0 and Aly(SO4)3-xH,0. The Raman spectrum of basic aluminum sulfate is
dominated by two broad bands, which are assigned to the v, and v4SO§‘ triplets at 446, 459
and 496 cm~"' and 572, 614 and 630 cm~". The v, is observed as a single band at 990 cm~',
partly overlapped by the vs triplet at 979, 1009 and 1053 cm~" of the sulfate group in the
Alq3 sulfate structure. Furthermore the band at 726 cm~" is assigned to an Al-O mode of the
polymerised Al-O-Al bonds in the Al,3 Keggin structure. For the first time the OH-stretching
region of the basic aluminum sulfate has been reported. The 77 K spectrum shows the
presence of 3 crystal water bands at 3035, 3138 and 3256 cm~"' accompanied by 3 Al-H,0
bands at 3354, 3418 and 3498 cm~" and 4 Al-OH bands at 3533, 3584, 3671 and 3697 cm~".
© 1999 Kluwer Academic Publishers

1. Introduction v; andvs bands at 981 and 1051 cthof the sulfate
Aluminum is known to form large variety of complexes group in the A{3 sulfate structure. Furthermore the
in solution upon hydrolysis. One of these complexes ishand at 724 cm* was assigned to an Al-O mode of
a Keggin type structure known assAlor as the tride- the polymerised Al-O—Al bonds in the Al Keggin
cameric complex [AIQAIl 15(OH),4(H20)12] " [1-3].  structure. The sharp band at 1066 ¢nand the minor
This complex can be formed by forced hydrolysis ofband at 1384 cm' were interpreted to be due to a
Al solutions by the addition of a basic solution like small amount of nitrate impurity on a different position
sodium hydroxide or carbonate. The structure of thidn the structure than the nitrate present in thgsAl
complex was first studied by X-ray diffraction after pre- nitrate crystal structure, based on the shift in band
cipitation in the form of two different basic aluminum position of both thev; symmetric stretching ands
sulfates in which the Ak structure is retained [4—7].  antisymmetric stretching modes.

Kloprogge et al. [8, 9] described the precip-  This paper forms part two of our study of the Raman
itation of monoclinic basic aluminum sulfate spectroscopy of basic aluminum sulfate. In this paper
Nag 1[AlO 4Al 15(OH)24(H20)15](SOs)355 - 9H,0 .27 Al the Raman spectra obtained at room temperature are
Solid-state Magic-Angle Spinning Nuclear Magnetic compared to spectra obtained at liquid nitrogen temper-
Resonance spectroscopy showed that the tridecamerature (77 K). Cooling a sample to 77 K is known to re-
was preserved in the crystal structure. The infraredultin an increased resolution due to the fact that bands
spectrum of basic aluminum sulfate is dominated bybecome sharper. Furthermore, in some cases molecules
two strong water peaks at 3247 and 1640¢pmastrong  become located in more fixed positions [14—16].

Al-OH stretching band at 3440 cthand sulfate bands ~ These effects can be of great help in the interpretation
at1135,980, 715,610, 566, and 450¢together with  and assignment of Raman bands in complex spectra, es-
some minor bands of incorporated nitrate [8, 10, 11]pecially when bands are overlapping and band compo-
In two recent papers the Raman spectrum of basioentanalysis does not give a definite answer. Therefore,
aluminum sulfate has been reported [12, 13]. Thehe aim of this paper is to study the Raman spectrum of
Raman spectrum of basic aluminum sulfate is domi-basic aluminum sulfate in order to come to a more de-
nated by two broad bands which were assigned to th&iled assignment of the various Raman active modes.
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2. Experimental scope is part of a Renishaw 1000 Raman microscope
2.1. Basic aluminum sulfate system, which also includes a monochromator, a fil-
The synthesis and characterisation of the monoclini¢er system and a CCD. Raman spectra were excited
basic aluminum sulfate used in this study has been exdy a Spectra-Physics model 127 He-Ne laser (633 nm)
tensively described by Kloproggeal.[2, 8,9,11,12].  at a resolution of 2 cmt in the range between 500
The tridecameric aluminum polymer was obtained byand 1500 cm'. Repeated acquisition using the highest
forced hydrolysis of a 0.5 M aluminum nitrate solu- magnification were accumulated to improve the signal
tion with a 0.5 M sodium hydroxide solution until an to noise ratio in the spectra. Spectra were calibrated
OH/AI molar ratio of 2.2 was reached. Next, the basicusing the 520.5 cm' line of a silicon wafer.
aluminum sulfate was precipitated by the addition of the Spectra at low temperatures were obtained using
appropriate amount of 0.5 M sodium sulfate and age@ Linkam thermal stage (Scientific Instruments Ltd.,
for 50 days before removal from the solution. CrystalsWaterfield, Surrey, England). Samples were placed in
collected from the wall of the container were shown tothree metal cups on a circular glass disc, which fitted
be phase pure [8]. over the silver plate of the thermal stage. For spectra at
77 K, nitrogen gas from liquid nitrogen passed through
a small hole in this plate immediately below the centre
2.2. Raman microprobe spectroscopy of the glass disc. Because of the increased optical path,
Small amounts of the basic aluminum sulfate werespectra at 77 K are noisier and require longer accumu-
placed on a polished metal surface on the stage of alation times. Spectra were obtained using 20 s scans for
Olympus BHSM microscope, which is equipped with up to 30 min using the special short 50X (ULWD) ob-
10x, 20x, and 5k objectives, for the 300 K measure- jective. A lower Raman signal was obtained using this
ments. No sample preparation was needed. The micr@bjective owing to the low numerical aperture of this
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Figure 1 Raman spectra at 300 and 77 K of 488, and Ab(SOy)3 () and basic aluminum sulfate at 300 and 77 K (b) in the region between 300
and 1200 cm?. (Continued.

4368



z

@

5 %

E 3 NO3
(S

V2 A2 /
300K
300 400 500 600 700 800 900 1000 1100 1200

Wavenumber/cm™
(b)

Figure 1 (Continued.

long working distance objective. This, combined with gion shows two broad bands around approximately 450
the spherical aberration of the stage window, results irand 625 cmt. Band component analysis of the Raman

a decreased signal compared with that run without thepectra at 300 and 77 K (Fig. 2 and Table |) reveals
thermal stage. that these signals are actually two strongly overlapping

Spectral manipulation such as baseline adjustment,
smoothing and normalisation were performed using

the Spectracalc software package GRAMS (GalactiGasLE | Band component analysis of the Raman spectra at 300 and

Industries Corporation, NH, USA). Band component77 K of basic aluminum sulfate, N§0Oy-xH20 and Ab(SOy)3-xH20
analysis was undertaken using the Jandel ‘Peakfit’ softin the region between 300 and 1200t

ware package which enabled the type of fitting func-

Band position, Band position, Suggested

tion to be selected and allows specific parameters t@ampie cm® (300 K) cntl (77 K) assignment [17, 18]
be fixed or varied accordingly. Band fitting was done
using a Lorentz-Gauss cross-product function with thehlis sulfate 446 439 _
minimum number of component bands used for the fit- igg 322 v2S0; triplet
ting process. The Gauss-Lorentz ratio was maintained 572 557
at values greater than 0.7 and fitting was undertaken 614 611 4SOy triplet
until reproducible results were obtained with squared 630 628
correlations of 2 greater than 0.995. 726 2 A0

979 980 13S0y

990 992 1150y
3. Results and discussion 1009 35S0y
Fig. 1a depicts the Raman spectra of sodium and alu- 1053 1058 v3SQy
minum sulfate in comparison to the basic aluminum 1069 1071 ”“;'S:;ﬁ:m
sulfate at 300 and 77 K (Fig. 1b). The use of a new lens 1097 vb Not known
of better optical quality has resulted in an increasedi,(So.)s-xH,0 991 994 11SOy
quality of the spectra. For example the Raman speNaSQ;-xH0 435 —
trum of sodium sulfate now clearly shows the three 449 450 v2S0, triplet
triplets associated with the,, v3 and v, of the SQ gg ggi
group [17, 18] compared to the spectra reported in our 633 633 4SOy triplet
previous paper [13]. Cooling to 77 K resulted in a de- 650 651
crease in linewidth and the disappearance of one of the 992 995 11SOy
> bands. Also the spectra at 300 and 77 K of the basic 1101 1104 _
aluminum sulfate shows an increased resolution com- ﬂg; ﬂgg vaSQy triplet

pared to our previous study [13]. The low frequency re-
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Figure 2 Band component analysis of the Raman spectrum at 300 K (a) and 77 K (b) of basic aluminum sulfate in the region between 400 and
750 cntl.

triplets similar to those observed for sodium sulfate.in bandwidth and therefore a better resolution espe-
Therefore, these triplets are assigned toithandv,  cially of the vy triplet. The band previously assigned
of the sulfate groups in the basic aluminum sulfate crysto Al-O at 726 cnt! show a remarkable decrease in
tal structure. Again cooling to 77 K results in a decreaseévandwidth from 17.8 to 4.8 cmi.
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The precipitation of basic aluminum sulfate from TABLE Il Band component analysis of the hydroxyl-stretching re-
Al 13 solutions prepared via forced hydrolysis of alu- gion of the Raman spectrum at 77 K of basic aluminum sulfate

minum nitrate can result in the incorporation of someg,,q position Bandwidth Band Suggested
nitrate in the crystal structure [8, 11, 13]. The crys-(cm?) (e intensity (%) assignment
tals used in this study show less nitrate incorporation
as evidenced by only a very minor band at 1069 &m 3035 117 4.2 HO
(v1 symmetric stretch) compared to the strong band;. EZ ;é'z 0

: . KO
observed previously at 1066 ct[13]. Thev; band 3354 135 224 Al—HO
observed before around 981 this now found at 3418 123 16.6 Al-HO
990 cnt! accompanied by two overlapping bands on3498 115 12.3 Al-HO
both sides around 979 and 1009 ¢h{Fig. 3a). These 3533 31 0.99 Al-OH
two bands together with the band at 1053 ¢rare in- 32?‘11 ié Zi ﬁ::gﬂ
terpreted to be identical to thg SOy triplet observed 3697 29 11 Al—OH

for sodium sulfate, although distributed over a wider

frequency range. This interpretation is supported by the

fact that upon cooling to 77 K all three bands strongly

diminish in intensity whereas thg remains strongly nor shoulder visible around 3700 c Cooling to

present (Fig. 3b). 77 K greatly enhances the resolution in this region with
Fig. 4 shows the hydroxyl-stretching region of the the emergence of a broad shoulder around 3150'cm

Raman spectrum at 300 K of basic aluminum sulfateand three bands around 3525, 3575 and 3700'cm

The broad bands in this region have not been observetable Il reports the band component analysis of this

before [13]. At 300 K a very broad band is found be- region, which is also shown in Fig. 5. Clearly six bands

tween approximately 2800 and 3800 thwith a mi-  with similar bandwidth can be identified and four bands
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Figure 3 Band component analysis of the Raman spectrum at 300 K of basic aluminum sulfate in the region between 950 and*l(a)@udhat
77 K between 950 and 1150 crth(b). (Continued
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Figure 4 Raman spectra of basic aluminum sulfate at 300 and 77 K in the hydroxyl-stretching region.
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Figure 5 Band component analysis of the Raman spectrum at 77 K of basic aluminum sulfate in the hydroxyl-stretching region.

at the high frequency side with much narrower bandsaccompanied by three Al-® and four Al-OH bands
Based on the fact that in this region only bands aswith increasing frequency. This interpretation has been

sociated with crystal water or A= and Al-OH

made possible only because of the increased resolution

from the Al3 building unit can be observed, it seems upon cooling from 300 to 77 K.

logical to assign the six broad bands to varioysOH
modes and the other four to AI-OH modes. This agrees

with the general observations that water bands are gerAcknowledgements

erally observed at lower frequencies and that wateifhe financial and infra-structural support of the
bands are generally broader than hydroxyl bands ifQueensland University of Technology, Centre for In-
this region. The first six bands show an average ratistrumental and Developmental Chemistry is gratefully
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cell contains 12 water molecules in the;Abuilding
unit and 9 crystal water molecules not associated with

the Al;z unit [8, 9]. In general, free water molecules are References

found at lower frequencies than water molecules linked -

to a cation. Taking this into consideration itis logical to
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and 5+ 4+ 3).

4. Conclusions

Raman spectroscopy of basic aluminum sulfate at 300°

and 77 K has shown that, in contrast to earlier publica-
tions, the spectra are dominated in the low frequency
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