This article was downloaded by:

On: 30 January 2011

Access details: Access Details: Free Access

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Spectroscopy Letters
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713597299

l:.': JCGETOSCO DA
i (= i_-x_ (=] B

High-Temperature Raman Spectral Investigation of Sodium Sulfate

R. P. Hapanowicz? R. A. Condrate Sr.*

* Sr. Industry/University Center for Glass Research NYS College of Ceramics at Alfred University

Alfred, New York

@ Ty & Frarcis

Sukame 38 Mumtzers 4-% 1005

To cite this Article Hapanowicz, R. P. and Condrate Sr., R. A.(1996) 'High-Temperature Raman Spectral Investigation of
Sodium Sulfate', Spectroscopy Letters, 29: 1, 133 — 141

To link to this Article: DOI: 10.1080/00387019608001588
URL: http://dx.doi.org/10.1080/00387019608001588

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://ww.informaworld. conftermns-and-conditions-of-access. pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |oan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
will be conplete or accurate or up to date. The accuracy of any instructions, formul ae and drug doses
shoul d be independently verified with primary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this nmaterial.



http://www.informaworld.com/smpp/title~content=t713597299
http://dx.doi.org/10.1080/00387019608001588
http://www.informaworld.com/terms-and-conditions-of-access.pdf

03:42 30 January 2011

Downl oaded At:

SPECTROSCOPY LETTERS, 29(1), 133-141 (1996)

HIGH-TEMPERATURE RAMAN SPECTRAL INVESTIGATION
OF SODIUM SULFATE

R.P. Hapanowicz and R.A. Condrate, Sr.
Industry/University Center for Glass Research
NYS College of Ceramics at Alfred University
Alfred, New York 14802

KEY WORDS: Sodium Sulfate, Raman Spectra, High
Temperature, Phases

ABSTRACT

High-temperature Raman spectra were measured for sodium
sulfate at various temperatures. Crystalline phases were
identified at the various temperatures. Factor group and
band assignment analysis were conducted for each observed
phase in order to understand the vibrational nature of
their Raman bands.

INTRODUCTION

Sulfate crystals can appear as inclusions in soda lime
silicate glasses during various sulfur oxide treatments. Such
inclusions can be related to the various crystalline phases of
sodium and calcium materials. There are a significant number
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of crystalline structural possibilities for these sulfates. In
this study, high-temperature Raman spectra were measured for
sodium sulfate materials at various temperatures in order to
distinguish between its various phases. Raman spectra were
measured in both a heating and a cooling cycle. Particular
crystalline phases were identified at various temperatures
Factor group and band assignment analysis were conducted for
each observed in order to better understand the vibrational
nature of their Raman bands.

EXPERIMENTAL PROCEDURES

A Jobin-Yvon U1000 double monochrometer with an attached
Olympus microscope was used to measure the Raman spectra. The
green laser line (514.5 nm) of an argon-ion laser was used as
the excitation source to measure the vibrational spectra of
the crystalline material. The laser power at the entrance of
the microscope was on the order of <250miW for the measurements.
A photomultiplier tube was used the detector.

A platinum strip heating stage was constructed so that the
vibrational Raman spectra could be obtained for the samples.
The heating stage was designed so that spectra were collected
in the back-scattering mode using the optical path of the Raman
microprobe, but without the ability to resolve small features
on the samples. The objectives were removed from the microscope
assembly, and the heating stage was positioned on the microscope
stage. A simple lens was used to focus the laser beam on the
sample, and it also served as the collection lens to guide the
Raman-scattered spectra to the spectrometer. Approximately one
gram of sample was placed on the platinum heating strip. Spectra
were collected at each temperature of interest. After collection
of each spectrum, the temperature was increased to the next hold
point, and the next spectrum was acquired.
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RESULTS AND DISCUSSION

Raman spectra were investigated for crystalline sodium sulfate
at various temperatures in order to help to identify the specific
major crystalline sulfate phases that were present as inclusions in
silicate glasses. Figures 1 and 2 illustrate measured Raman spectra
that were obtained for sodium sulfate (form V) at high temperatures
during its heating cycle, and then during the cooling cycles of its
heated product. Phase interpretation of Raman microprobe spectral
data of sodium sulfate with change in temperature is consistent with
the analysis of the high-temperature dynamic x-ray diffraction data.
One may note that the thenardite phase (form V) of sodium sulfate
converts to the hexagonal phase (form I) upon its phase transition
during the heating cycle. One may also note that the hexagonal phase
converts to an orthorhombic phase (form III) during phase transition
occurring in the cooling cycle.Table I lists the Raman band locations
and assignments for each of the various sodium sulfate phases that
were examined in this investigation.

Factor group analysis was performed on several of the sulfate
phases to determine the nature of the vibrational modes in the Raman
spectra. In case of free sulfate ion (8042_) with Ty symmetry,
point group analysis predicts four fundamental v1brat1ons vl(A ) =
981 cm (nondegenerate), v, (E, ) = 451 ecm (doubly degenerate),

3(F ) = 1104 cm -1 (triply degenerate), and u4(F2) = 613

(triply degenerate). Site and factor group group symmetry
of the sulfate ion in the various investigated crystalline phases
can be used to determine the physical nature of the measured Raman
vibrational spectra. The correlation method facilitates placement of
the intramolecular vibrations of the free sulfate ion into the proper
site and factor group symmetries of corresponding crystal structures.
This process determines the Raman activities of the internal modes
of the sulfate ions in the crystal structure.
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Fig. 1. Raman Spectra of Sodium Sulfate at Increasing Temperatures.

Spectrum to 250C indicate Na;SOy4 (thenardite, form V).
Spectrum from 275C indicate Na;SO4 (form I).
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Fig. 2. Raman Spectra of Sodium Sulfate at Decreasing Temperatures.
Spectrum to 250C indicate Na,SO,4 (form I).
Spectrum from 225C indicate Na,SO,4 (form III).
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Table I. Raman band locations (cm_l) for sodium sulfate.

Compound " v vs Vq
Na;S04 990 448 1099 618

(thenardite) 463 1129 629
(form V) 1149 644
Na,S04 992 445 1072 612
(form III) 463 1127 633

1195

Na;S04 989 455 1100 623
(form I)

The crystal structure of Nazso4 phase (form V) possesses an
orthorhombic arrangement whose space group is Fddd - DZh24 with
eight formula units per crystallographic unit cell [1]. Table II
indicates the correlation diagram for the site and factor group
analysis of NaZSO4 (form V). Factor group analysis for NaZSO4

(form V) predicts eighteen sulfate internal modes:
T = 3Ag +ZBlg +ZBZg +ZB3g +3A.u +ZBlu +ZB2u +233u.

From this set of predictions, the nine Raman-active bands are 31!;.g
+ZBlg +2BZg +ZB3g.Also,one finds one Raman-active band for Yy

two for Yy, and three for both v and Vg Close comparison of

the observed Raman spectral data for the powdered sulfate with this
crystal structure with predicted results shows complete agreement.

The crystal structure of Na,S0, phase (form III) also has

an orthorhombic arrangement, but its space group is Cmcm - D2h17

with four formula weights per crystallographic unit cell [2]. Table
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Table II. Correlation diagram for vibrational modes
of the 5042_ ion of Na,sO, (form V).

Molecular Site Factor
Y vyip Symmetry correlation Symmetry c¢¢ ag correlation Group c¢¢ ag
Ty D; Dgzn
2 1 Ay —m— A 1 2 T————— A, 11
\ Au 1 1
4 2 E —M————_ A 1 02— A 101
“‘-\§\\\\\ T A, 1 1
A 1 2 ———— A, 1 1
T A, 1 1
12 6 Fg —— B 1 4 ——— By, 1 2
\ T~ B 1 2
B; 1 4 ————— _ By 1 2
\ Bay 1 2
Bs 1 44— Bgy 1 2
T Bau 1 2

IIT indicates the correlation diagram for the site and factor group
of Na,SO, (form III). The factor group analysis predicts eighteen
sulfate internal modes:

T = 4Ag +2B1g +BZg +ZB3g +11!s.u +ZB1u +4B2u +2B3u.

Nine Raman-active bands are 411'5.g +2B1g +Bzg +283u. The analysis

also predicts one Raman-active band for Vi, two for Y and

three for both V3 and Vy- Comparison of observed Raman spectra

with the group theoretical predictions indicates that one Raman band
is missing for v,. Choi et al.{3] performed polarized Raman spectral
measurements using a single crystal of Na, 50, (form III) at room
temperature. Their study indicated that the band at ca. 633 cm-l

Yy is composed of two bands which can only be distinguished with

polarized Raman spectral data. The Raman spectral measurements in
this study were performed on powdered samples placed on a platinum
heating element, measuring nonpolarized scattered light.

for
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Table III. Correlation diagram for vibrational modes

of the 5042- ion of Na,80, (form III).

Molecular Site Factor
'  v,ip Symmetry cormrelation Symmetry c¢¢ a; correlation Group ¢ &g

Tqa Cav Das

2 1 Al e— A 1 2 —————— A,
T Bu

4 2 E — A 1 02— Ag
\ \\ By

Az 1 2 ———— Ay

— Ba,

12 6 Fp A 1 4 —— A

\ B, 1 4 Bs,
The— Bie
B: 1 4 Big

[ S N N S IV )
[ R N R N X L T R

The crystal structure of Na,S0, (form I)4has a hexagonal
arrangement whose space group is P63mmc - D6h with two formula units
per crystallographic unit cell[4].The usual site or factor group
analysis is not possible for this phase because the site group (D3h)
that is available for sulfate ion in this structure is not a subgroup
of the free ion group (Td), indicating the presence of disorder in
the crystal structure. The actual site symmetry of a sulfate ion on
a site in the crystal is probably C3v' The correlation method fails
for such structures that contain disorder. The observed Raman spectra
of powdered Na, 50, (form I) indicates only four vibrational bands.
Orientational disorder of the sulfate ions in this phase causes the
resulting Raman spectra to possess broadened bands (as compared to
the other sodium sulfate phases) which may arise due to disordered
ion-ion interactions. The free sulfate ion with T4 symmetry has
four fundamental modes of vibration.The observed Raman spectrum
indicates that the nature of the site symmetry of the sulfate group
in this crystal structure possesses a relationship to the free ion
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symmetry with the ion-ion interactions that generates broadened
features with respect to the free ion’s spectrum.

CONCLUSIONS

The following conclusions can be made pn the basis on this
investigation:

1.) In-situ Raman spectra can be obtained at high temperatures
for sodium sulfate materials which generate phase information
using either heating or cooling cycles.

2.) Observed in-situ Raman spectra of powdered Na,S0, (form V)
is consistent with respect to the related factor group
analysis.

3.) One less Raman-active band is observed for Yy in the
spectrum for powdered Nazso4 (form III). This lack
is due to the overlap of two factor group~split bands
which can not be detected in the nonpolarized Raman
spectra of the powdered sample.

4.) Raman bands of powdered Na,S0, (form I) are broadened
due to disorder in the crystal structure.
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