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ABSTRACT

The vibrational spectra of natrolite from T6chlovice,
Bohemia, were measured in the infrared (2@-4(F0 cm- l)
and the far-infrared (40-400 cm-l) regions; the infrared
reflectance (2p0-1400 cm-l) and Raman scattering
(50-4000 cm 

- l1 spectra of the polycrystalline material were
also measured. The Shimanouchi (1963) GCCC, BGLZ and
LSMA programs were used to calculate the force constants
and vibrational frequencies, The KKK-I program (Kroupa
& Pelzelt 1982) was used to calculate the dispersion curves
of the optical constants. The bands in the sDectra can be
assigned to the vibrations of the individual bonds and struc-
tural groups on the basis of theoretical calculations and
literature data.

Keyw^ords: complex vibrational spectra, natrolite,
Tdchlovice, Bohemia.

Souuernr

.On a mesur6 les spectres de vibration de la natrolite de
Tdchlovice (Bohdme) dans I'infra-rouge (200-4@0 cm-1)
et l'infra-rouge lointain (40-400 cm- l;, ainsi que les spec-
tres de reflectance infra-ror)ge (200-1400 cm- r) et de dis-
persion Raman (50-4000 cm-l;, sur matdilau polycristal-
lin. Les programes GCCC, BGLZ et LSMA de Shimanou-
chi (1963) ont servi A calculer les constantes de force et les
fr6quences de vibration, tandis que le logiciel KKK-I
(Kroupa & Pelzelt 1982) pennet de calculer les courbes de
dispersion des constantes optiques. Les bandes des spec-
tres sont attribu6es aux vibrations des liaisons individuel-
les et des groupes structuraux i la lumibre des pr6dictions
th€oriques et des donndes publides.

(Traduit par Ia Rddaction)

Mots-clds: spectres de vibrations complexes, natrolite,
Tdchlovice, Bohdme.

INTRoDUCTIoN

Three principal optical methods can be used to
measure the vibrational spectra of crystals: l) the ab-
sorption of infrared radiation, 2) the reflectance of
infrared radiation, and 3) the Raman scattering of
visible radiation. These methods are complementary
both in experimental technique and in the use of
selection rules @oulet & Mathieu 1973). Infrared-
absorption spectra in the far-infrared and infrared
region are suitable especially for the determination
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of vibrations of water molecules, hydroxyl groups
and local bonds in the structure of minerals. To get
approximate information about the vibrations of
crystalline substances with a centre of symmetry, the
infrared spectra must be complemented by their
necessary supplement i. e., Ihe study of Raman spec-
tra (selection rules). Reflection spectra yield infor-
mation about the vibrations of structural groups and
bonds and are suitable especially for calculation of
the dispersion of optical constants @oulet & Mathieu
1973, Turrell 1972). These conclusions can be derived
from the theory of vibration spectra, which was
described in many recent publications (Poulet &
Mathieu 1973, Turrell 1972, Ross 1972). Infrared-
absorption spectra in the middle region (400-4000
cm-r) were published in several papers @reck 1974,
Flanigen et al. 1971, Farmer 1974), in the 200-4000
cm-r wavenumber region by Pechar & Rykl (1980)
and in the far infrared region by Pechar (1982). The
Raman and reflection spectra of polycrystalline
natrolite have not been published yet (to the authors'
knowledge). The aim of this paper is to point out,
in a first approximation using natrolite as an exam-
ple, what information can be obtained by an in-
tegrated'study of these types of vibration spectra.
The Shimanouchi (1963) GCCC, BGLZ and LSMA
progr€tms served to calculate the force constants and
vibrational frequencies.

EXPERIMENTAL

The infrared-absorption spectra of a natural
natrolite with an ideal crystallochemical formula of
Na2Al2SirO,o.2HrO (ocality: T6chlovice, Bohemia;
host rock: basalt) were measured in the wavenumber
region 200-4000 cm-r (Pechar & Rykl 1980) on a
double-beam Perkin-Elmer 325 spectrometer.
Samples of the crystalline material were prepared in
pellet form with KBr (l:40); the spectra were
measured at standard temperature and pressure @ig.
r) .

The infrared-absorption spectra in the far-infrared
region 40 - 400 cm-r (Pechar 1982) were measured
using a Beckman FS-720 infrared interferometer
(Fig. 2). Samples were prepared in polyethylene foil
(l:20) at 200oC and measured in vacuo (1.3 Pa) at
standard temperature. The spectra were evaluated
by the Fourier method on computer (IBM 370).
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Ftc. 1. lnfrared-absorption spectrum (200 - 4000 cm-l; of natrolite.
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The reflectance infrared spectra in the wave-
number range 200 - 14@ cm-r were measured us-
ing a Perkin-Elmer 325 spectrometer, at standard
temperature and pressure (Fig. 3). Samples were
prepared as optically polished crystals of natrolite
(prepared by Mr. J. Baxa, Or' Research Institute,
Prague). Reflectance (9oR) was measured in steps

o/oA

of 5 cm-l relative to an Al mirror, and the data
were treated by the KKK-I program (Kroupa &
Pelzelt 1982) for computation (IBM 370) of the
dispersion curves of index of refraction and both
components of the dielectric permittivity (Figs. 4-6).

The Raman scattering spectra of the polycrystal-
line material were measured on a SPEX 14018 laser
spectrometer (tre.+ :514.5 nm) at standard
temperature and pressure in the wavenumber region
50-3600 cm-r (Fig. 7). Samples were prepared for
measurement by cementing the crystals to a quartz
rod.

The results of a quantitative chemical analysis of
the natrolite sample are listed in Table 1. Table 2
provides an evaluation of all the vibrational spectra
studied and the results of a calculation of the
theoretical frequencies and force constants of the
bands of natrolite. The group representation of the
vibration of natrolite are:

lu6: 120.41(IR,R) + 120 Az(R) + 120 BI[R,R) +
120 B2(IR,R)

DISCUSSION

All the spectra studied yielded readily
distinguishable vibrational bands with a relatively
low background. The precision of the measurement
of wavenumber of the individual bands in all the
s p e c t r a i s  t  2 - 5 c m - r .

The spectra studied can be separated into three
groups according to the range of wavenumbers
measured: l) 1400 - 3600 cm-r: infrared-absorption
spectra in the medium region and Raman-scattering
spectra; 2) 200 - 1400 cm-r: infrared-absorption
spectra in the medium region, part of the far-infrared
absorption speclra, reflectance-infrared spectra and
Raman-scattering spectra, and 3) 40 - 200 cm-r:
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Frc. 2. Far-infrared spectrum (40 - 400 cm- 1; of natrolite.
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Ftc. 3. Reflectance infrared spectrum (200 - 1400 cm-r) of natrolite.
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Ftc. 4. Dispersion curve of the index of refraction of natrolite,
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Ftc. 5. Dispersion curve of the real part of dielectric permittivity.
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FIc. 6. Dispersion curve of the imaginary part of dielectric permittivity.
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FIc. 7. Raman-scattering spectrum (50 - 3600 cm-I) of the polycrystalline sample of natrolite.
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sl02

A1203
Fe203
Irln0
l4S0
Ca0
Na20
Kzo
Pzos
EH20
Total

TABLE 'I. CHEI4ICAL COIIIPOSITION OF NATROLI'IE FROI{ TTCHTOVICE, BOHEMIA the IR spectra and a low intensity in the Raman spec-
tra. The shift of this vibration relative to the
wavenumber of the same vibration for water vapor
indicates the presence of hydrogen bonds (Hamilton
&Ibers 1968); interatomicO . . . . O distances can
be determined graphically for these bonds (Fig. 8).

The H-O-H bending vibration lies at a
wavenumber of 1610 - 1625 cm-t, with a medium
intensity in the infrared-absorption spectrum and a
low intensity in the Raman-scattering spectrum.

The infrared-absorption spectrum in the medium
region, the reflectance spectrum and the Raman spec-
trum contain bands of the antisymmetric stretching
vibration of the tetrahedral Z-O bonds (Z: Al, Si),
with a wavenumber range of 960 - 1055 cm-t.
These bands have a high intensity in the infrared-

wt. 44,66
0.002

r  o . o l 3
0.002
0.012
2.66

14.20
0.74
0 . 1 4'10.92

99.94

Crystall ochemical foro] a:
(Na1 assKqq3Calq5)

(A1 1$2FeqoqaMg6 gsSl 2u5Pu5
Tisoes)Ose .  15.98 H20

Anal j6t :  Ing. L.  l , l lnatfk,

Instltute of G€ologj/ and Geo-

technlcs CSAV

r lotal lrcn expressed as Fe203.

far-infrared-absorption spectra and Raman-
$cattering spectra.

Bands of the antisymmetrical and symmetrical
vibration of hydroxyl groups lie in the region 3300
- 3610 cm-r. They have a very strong intensity in

TABLE 2. EVALUATION OF VIBRATIONAL SPECTM OF NATROLITE AND COMPARISON l|lI]TI CALCULATED FREQUENCIES AND FORCE CONSTANTS

Type of
vibrationl

Inffar€d
absorption

[€dium range

Far-infrar€d Infrared
absorption reflection Raman lHil:l:i:l Force

constants*

0-H stretching

H20 bending

External loq

3310-3515 VS

1625 m

1l I0 r , l l

3300-3610 !l
' 1610  

w

'1080 
vH

420 W

840-810 l,J
700 w

350 W

268 W

t35 VS

7 702

0 . 1 0 5
0.252
0.768

s i - 0  5 .417
Al-0 3.024

2,6508'I 
.2356

1 .0603

2.2385
2.8549

0.45 t
0 .172
0 .  t 30
0.230

0 -0  0 .1178

1095 s T0'1085 
s L0

1185 r , l  L0'1210 
}l L0'r285 
fl L0

l 3 l 0  w  L0

1005 vs T0
990 VS T0

1060 s T0
96s VS L0
985 VS L0

1050 s L0
430 I'l

Antisyt|mtrical
stretchl ng

Bendlng 0-?-0

Synnnetri cal
stretchi ng

Li bration
of the H20

"Pore opening"

Translat ional
Hzo

0ptical rnde
of lat t ice

Transl ational

Na-H20

Translatlonal
Na-0

9881030 |,l
960 l.l

1055 w
o 7 R  S

545 s
485 W

620 t4l
590 m
480 m

400 s

3656

I 653

264

qzo ut

360 lli

3I5 t,l

220 n

-  6 3 0 W T 0
610 l{ L0
635 !l L0
495 m T0
540 W T0

- 600 tl T0
490 S L0
540 !l L0
580 U L0

365 VS 365 !l T0
348 l'l

330 m 330 l,l T0
346 !l T0
346 u L0

2 2 8 V  2 2 s W T 0
2l8 l,l 220 ttl L0
l l 0  w
98 VH

278 n
264 Vl,l
'136 

VS
130  w
'186 

S'168 
tc

4 t 0
4?0
440

780
720

470
60n

625

372

320 t,l
295 t,J

230 t^l'109 
m

95 l , l

190
'198 

m
160 vs

0.0363

0.0177

VS very  s t rong,  S  s t rong,  m med ium,  l . j  weak ,  W very  weak;  L0  long i tud lna l  mode,  T0  t ransversa l  mode i  ?  represet ts  A l ,
S i .  0bserved and ca lcu la ted  f requenc ies  expressed ln  wavenumbers- (cm- t ) ,  fo rce  cons tan ts  in  N m- l  '  tOz  ( inAyn/A) .
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Ftc. 8. Correlation between frequency shift of stretching

vibration of the hydroxyl group and the equilibrium O-
H . . . . 0 distance of the hydrogen bonds (Hamilton
& Ibers 1968).

- 1
c m
'l

Ftc. 9. Value of the Al atoms in stnrcture of zeolites as a
function of frequency shift of the stretching vibration
of Si(Al)-O bonds (Breck 1974).

absorption and reflectance spectra and a low inten-
sity in the Raman spectra. The shift of this vibra-
tion relative to the same vibration for the isolated
Si-O bond indicates the value of the Al atoms in the
natrolite structure; this can be determined graphically
(Fig. 9) for these bonds (Breck 1974).

AII the spectra except infrared absorption and far-
infrared absorption contain bands of s,'rnmetrical
stretching vibrations of Si(Al)-O bonds. These bands

can be found in the wavenumber region 610 - 840
cm-t (Flanigen et ql. 1971, Pechar & Rykl 1980).

The libration bands of the \ryater molecule around
the a and c axes of this molecule lie at 480 - 620
cm-r in all the spectra (except far-infrared) with
low intensity (Pechar et ol. 1982). The bending vibra-
tion of the tetrahedral bonds O-Si(Al)-O cor-
responds to bands at a wavenumber in the range
410-435 cm-r (Pechar & Rykl 1980). The "pore
opening" (Breck 1974) vibration of bonds between
the oxygen rings corresponds to bands in the range
348 - 465 cm-r. The translational mode of the
water molecules corresponds to bands in the range
292 - 346 cm-r (Pechar et al. 1982).

The optical mode of the lattice corresponds to
bands in the range 218 - 230 cm-r (Poulet &
Mathieu 1973). Bands of varying intensity, assign-
ed to the Ca-O translational vibration. can be found
at263 - 278 cm-t (Exarhos et al. 1974" Brodskii e/
al. 1973).

The bands of the translational mode of the Na-O
bonds can be found in the far-infrared spectra and
Raman spectra in the wavenumber range 168-198
cm-r, with varying intensity (Exarhos et al. 1974,
Brodskii et al. 1973), Bands with a wavenumber
lower than 160 cm-r can be assigned to the vibra-
tion of the cation-water complex and to the transla-
tional mode of the lattice.

CoNCLUSIoNS

Study of the complex vibration spectra of crystal-
line substances rapidly yields information on the
symmetry and dynamics of the crystal lattice and on
the dispersion of the optical constants in the whole
region of measured frequencies for the individual
types of electromagnetic radiation. It also provides
information on the presence and strength of the in-
dividual types of bonds in the crystal and on the
mobility of water and of the cations. It is thus an
indispensible complement to X-ray (or neutron) dif-
fraction in the study of crystalline substances.
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