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Abstract- -Si lanol  groups in protonated magadiite (H-magadiite) were characterized by IH and 2H solid- 
state nuclear magnetic resonance (NMR). H-magadiite and deuterated (D) magadiite were synthesized by 
the treatment of Na-rich magadiite with 0.2 N HCI and 0.2 N DC1, respectively. In the IH NMR spectrum 
measured at room temperature, silanol groups of H-magadiite showed two signals at 3.75 and 5.70 ppm, 
indicating that two types of silanol groups were present. The ratio of silanol groups associated with strong 
hydrogen bonding (5.70 ppm) to those with weaker hydrogen bonding (3.75 ppm) was 2 to 1. The 2H 
NMR spectra of deuterated magadiite were measured in the temperature range from 150 to 440 K. In the 
spectra measured at temperatures below 294 K, silanol groups showed Pake doublet patterns. These 
patterns were composed of two components corresponding to the two types of silanol groups shown in 
the IH NMR analysis. Both silanol groups produced wobbling motions with increasing temperature. Above 
294 K, the profile of the Pake doublet pattern was transformed gradually to a near triangular pattern, 
indicating that the silanol groups underwent other motions also, such as a two-site jump. 
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I N T R O D U C T I O N  

Na- r ich  magad i i t e  is a layered polysi l icate  consis t -  
ing of  SiO4 te t rahedra  and  p ro tona ted  magadi i te  (H- 
magadi i te ,  H4Si~4030-xH20) der ived  f rom Na- r ich  ma-  
gadi i te  by  an  acid t r ea tmen t  to p roduce  abundan t  sil- 
anol  groups  in the in ter layer  (Lagaly  et al., 1975a, 
1975b).  Because  magad i i t e  has  poor  crys ta l l in i ty  and 
large s ingle  crys ta ls  are not  ava i lab le  (Brindley,  1969), 
its s t ructure  has  not  b e e n  refined. A l t h o u g h  m a n y  
s tructural  mode l s  have  been  p roposed  on  the basis  of  
the chemica l  compos i t ion ,  inf rared  (IR) analysis ,  and  
the rat io  of  Q3 [HOSi(OSi)3] to Q4 [Si(OSi)4] envi ron-  
men t s  ob ta ined  by  29Si mag ic -ang le - sp inn ing  (MAS)  
nuc lear  magne t i c  r e sonance  ( N M R )  ( A l m o n d  et al., 
1996, 1997; B r a n d t  et al. ,  1987, 1988; Garc6s  et al., 
1988; H u a n g  et  al., 1999; P innava i a  et aL, 1986; 
Scho lzen  et al., 1991; Schwiege r  et  al., 1985), the 
s t ructure  of  magad i i t e  is still obscure.  On  the o ther  
hand,  in te rca la t ion  react ions  and  fur ther  s i lylat ion re- 
act ions  invo lv ing  magad i i t e  (Merc ie r  et aL,  1994; 
O g a w a  et  al., 1998a; O k u t o m o  et al., 1999; Ruiz-Hi tz-  
ky  and  Rojo,  1980; Ruiz -Hi tzky  et al., 1985; Yanagi-  
sawa et al. ,  1990, 1988a, 1988b)  have  at t racted con-  
s iderable  a t ten t ion  for  m a n y  appl icat ions,  such as in 
adsorben ts  (Hadja r  et al. ,  1995; O g a w a  et al., 1998b) 
and  mic roporous  mater ia ls  (Dai ley and  Pinnavaia ,  
1992; Landis  et al., 1991; Sprung  et al., 1990; Wong  
and  Cheng,  1993; Yanag i sawa  et al., 1991). Thus,  it 
is impor t an t  to inves t iga te  the in ter layer  s i lanol  

groups,  wh ich  are in t imate ly  re la ted to the s tructure 
and  surface proper t ies  of  magadi i te .  

Sol id-s ta te  N M R  techniques  offer  power fu l  ap- 
p roaches  to inves t iga te  a local  s t ructure  wi th  short-  
range  order  and  a un ique  chemica l  env i ronment .  ~H 
N M R  techniques  have  been  appl ied to inves t iga te  var- 
ious k inds  of  hydroxyl  groups  to reveal  such charac-  
terist ics as hydrogen  bond ing  and  acidi ty (Pfeifer, 
1994; Xie  and  Hayashi ,  1999a). For  magadi i te ,  Rojo  
et al. (1983, 1988) ut i l ized ~H N M R  and IR measure -  
men t s  and  identif ied two types of  s i lanol  groups  wi th  
different  the rmal  propert ies .  One  type  of  s i lanol  group 
involves  s t rong hydrogen  bonds  wh ich  are lost  be low 
500~ and  the other  type  consis ts  of  near ly  free sil- 
anol  groups  which  are lost  above  500~ Fur thermore ,  
A l m o n d  et al. (1994)  measu red  1H M A S  N M R  spectra  
of  layered polysi l icates  and  suggested  that  the  s ignal  
f rom the s i lanol  groups  in H-magad i i t e  was  quite dif- 
ferent  f rom that  in Na- r ich  magadi i te .  The  2H nuc leus  
has  a spin q u a n t u m  n u m b e r  of  1, and  its quadrupo le  
in terac t ion is ve ry  sensi t ive  to hydrogen  bond ing  and  
dynamic  proper t ies  (Hoatson  and  Void, 1994). Appl i -  
cat ion of  2H N M R  techniques  for  hydroxyl  groups  has  
revealed  the s t rength  of  hydrogen  bond ings  and  mo-  
t ions (Eckert  et al., 1989; Gluszak  et al. ,  1992; Hay-  
ashi  et al., 1994; Kobe  et  aL,  1995; Xie  and  Hayashi ,  
1999b). 

In the present  paper, we descr ibe  fur ther  character-  
istics of  s i lanol  groups  in H-magad i i t e  by  sol id-state  
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Figure 1. IH MAS NMR spectrum of H-magadiite and its 
simulation. Calculated spectra were obtained assuming the 
presence of three components. 

1H M A S  N M R  and 2H N M R  spectroscopies. A com- 
bination of  these techniques is suitable for character- 
izing silanol groups. We analyzed these spectra by us- 
ing l ine-shape simulation. Chemical  environments,  
motions,  and interatomic distances in the silanol 
groups are discussed quantitatively. 

E X P E R I M E N T A L  

Preparation o f  1-1- and D-magadiite 

Na-rich magadii te  was prepared hydrothermally ac- 
cording to the method reported by Kosuge et al. 
(1992). The Na-rich magadii te  (2.5 g) was ion-ex- 
changed to H-magadi i te  or deuterated magadii te  (D- 
magadii te)  by using 15 m L  of 0.2 N HC1 in water or 
0.2 N DC1 in deuterated water, respectively.  To remove  
molecular  H20 adsorbed on the extemal  surface, the 
products were  dried at 200~ under a reduced pressure 
for 1 h. For  the preparation o f  D-magadii te ,  the treat- 
ment  with DC1 and the drying procedure were repeat- 
ed three t imes under a nitrogen atmosphere to increase 
the amount  o f  deuter ium atoms. The  obtained maga-  
diites were  identified by X-ray powder  diffraction and 
29Si M A S  N M R  measurements  (Dailey and Pinnavaia,  

Table 1. ~H NMR results of H-magadiite? 

Componen t  Shif t  (ppm)  2fwhm (ppm)  ~f (%)  

1 5.70 3.20 66 
2 3.75 1.70 33 
3 5.00 0.20 1 

Lorentzian line shapes are assumed. 
2 Full width at half-maximum. 
3 Fraction of the component. 

1992; Kosuge et al., 1992; Rojo  et al., 1983, 1988). 
For  the D-magadii te ,  the displacement  of  sodium ions 
and protons with deuterons was confirmed by IR  spec- 
tra, where the O-D stretching bands were  observed  in 
the region 2400-2800  cm -1 which replaced the O - H  
stretching bands (3300-3700  cm-1). 

Analyses 

The 1H M A S  N M R  spectrum of  H-magadi i te  was 
recorded at room temperature by a Bruker  MSL400  
pulsed spectrometer  with a M A S  rate of  10 kHz. The  
1H Larmor  frequency was 400.13 M H z  and the recycle  
delay was 6 s. The 2H N M R  spectra of  D-magadi i te  
were recorded for a static sample by the MSLA00 
spectrometer in the temperature range f rom 150 to 440 
K. The 2H Larmor  frequency was 61.42 MHz.  The  
quadrupole echo-pulse sequence was used with the 90 ~ 
pulse width of  2.5 Ixs and the pulse interval  be tween  
the two pulses was 15 p~s. The recycle  delay was care- 
fully determined to be 4 s so that the polarization was 
fully relaxed during the recycle  time. The f requency 
scales o f  the 1H and 2H spectra were  expressed with 
respect to pure tetramethylsilane and DEO, respect ive-  
ly. 

RESULTS A N D  D I S C U S S I O N  

The ~H N M R  spectrum of H-magadi i te  and its sim- 
ulation are shown in Figure 1. The spectrum is decon-  
voluted into three components  at 5.70, 3.75, and 5.00 
ppm. The parameters extracted f rom the simulation are 
listed in Table 1. The small  signal at 5.00 ppm had a 
sharp profile and no spinning sidebands. Thus, this sig- 
nal was assigned to significantly mobi le  H20 mole-  
cules adsorbed on the ex temal  surface. The  other two 
components  were  assigned to the silanol groups of  ma- 
gadiite. Because  signals of  strong acids or hydrogen-  
bonded protons appear at h igher  frequencies (Pfeifer, 
1994), the silanol group showing the signal at 5.70 
ppm has stronger hydrogen bonding or  acidity than the 
silanol group producing the signal at 3.75 ppm. The 
fractions of  the components  at 5.70 and 3.75 ppm were 
66 and 33%, respectively.  In conclusion,  two types of  
silanol groups are present in H-magadi i te  and the ratio 
of  silanol groups with the stronger hydrogen bonding 
to those with the weaker  bonding is 2 to 1. 

The chemical-shif t  values of  silanol groups in H- 
magadii te  are much smaller  than that of  Na-r ich ma- 
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Figure 2. 2H NMR spectra of deuterated magadiite at vari- 
ous temperatures. 
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Figure 3. Simulation of the 2H NMR spectrum of deuterated 
magadiite measured at 294 K. The calculated spectrum was 
obtained assuming the presence of two doublet components 
with asymmetry factors of 0 and one Lorentzian component. 

gadiite (14.9 ppm) (Almond et al. ,  1994). However, 
the chemical shifts are similar to those of silicate 
glasses (4.3-5.2 ppm) (Eckert et al. ,  1989; Pfeifer, 
1994), indicating that the hydrogen bonding of the sil- 
anol groups in H-magadiite is similar to that of silicate 
glasses. The correlation between the ~H chemical shift 
and the interatomic distance between oxygen atoms in 
O-H-O hydrogen bonding has been reported (Hayashi 
et  al. ,  1994; Yesinowski and Eckert, 1987). The chem- 
ical shift of 5.70-3.75 ppm leads to the O-O inter- 
atomic distance of --0.28--0.29 nm. 

Density distributions of the two types of silanol 
groups were estimated by the second moment, which 
was calculated from the intensity of the spinning side- 
bands in the ~H NMR spectrum (Satozawa et aL,  
1997). On both sides of the central peaks at 5.70 and 
3.75 ppm, spinning sidebands for each component 
were observed (not shown). The obtained values of 
the second moment for the components at 5.70 and 
3.75 ppm were 33 and 30 kHz 2, respectively. The sec- 
ond moment reflects the strength of the dipole-dipole 
interaction between protons. Because the second mo- 
ments of the two types of silanol groups were very 

similar, the two groups have similar spatial distribu- 
tions. They probably interact with each other through 
the dipole-dipole interaction; in other words, they are 
dispersed homogeneously. Furthermore, the values of 
the second moment were smaller than that of kaolinite 
(67 kHz 2) (Hayashi et al. ,  1992) and larger than that 
of talc (5.7 kHz 2) (Hayashi, 1994), indicating that the 
spatial distribution of protons was less dense than in 
kaolinite and more dense than in talc. 

The 2H NMR spectra of D-magadiite at various tem- 
peratures are shown in Figure 2. In the temperature 
range from 150 to 294 K, Pake doublet patterns were 
observed. Based on the presence of two types of sil- 
anol groups as described above, the doublet patterns 
were simulated by two components. Figure 3 shows 
the results of deconvolution of the spectrum measured 
at 294 K. The spectrum consists of three components: 
two Pake doublet patterns with asymmetric factors of 
0 and a central sharp signal. The central signal was 
simulated by a Lorentzian line shape and assigned to 
adsorbed H20 on the external surface (Kobe et al. ,  
1995). Two components of the doublet patterns were 
ascribed to immobilized silanol groups. Quadrupole- 
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Figure 4. Temperature dependence of the quadrupole cou- 
pling constant for the doublet components. The open and sol- 
id circles indicate the doublet 1 and the doublet 2 in Figure 
3, respectively. The straight line is drawn with a least-squares 
fit. 

coupl ing constants (QCCs)  extracted f rom the simu- 
lations were 212 (doublet 1) and 230 kHz  (doublet 2), 
whereas the fractions o f  intensities were  58 and 30% 
for doublet  1 and doublet  2, respectively.  Because  the 
smaller  Q C C  corresponds to the stronger hydrogen 
bonding or greater mobi l i ty  (Butler and Brown,  1981; 
Hayashi  et al., 1994), the doublet  1 with the smaller  
QCC was ascribed to the silanol group with the stron- 
ger hydrogen bonding.  Based on the strength of  the 
hydrogen bonding,  doublet  1 and doublet  2 corre- 
sponded to signals at 5.70 and 3.75 ppm in the ;H 
N M R  spectrum, respectively.  The ratio for doublet  1 
(58%) to doublet  2 (30%) was nearly 2 to 1, which is 
consistent with the 1H M A S  N M R  result. 

The  temperature dependence of  the QCCs  is plotted 
in Figure 4. Each QCC decreased linearly with tem- 
perature, being expressed as QCC (doublet 1) = 267 
- 0.183 T and QCC (doublet 2) = 279 - 0.164 T, 
where Q C C  and T are in units of  kHz  and K, respec- 
tively. The  temperature dependence of  the QCC is re- 
lated to the motions of  the silanol groups.- With in- 
creasing temperature,  the QCC for each component  
decreased linearly whereas the asymmetry  factor did 
not change f rom zero. Thus, the most  l ikely mot ion 
involves  wobbling.  Where  the O-D group rotates 
around an axis which is inclined at angle 0, the effec- 
t ive asymmetry  factor remains zero whereas the effec- 
t ive QCC is reduced by a factor of  (3 cos 2 0 - 1)/2 
(Barnes, 1974). If  the QCC extrapolated to 0 K (279 
kHz, 267 kHz) corresponds to the value in the rigid 

state (0 = 0) (Hayashi et al. ,  1994), the QCC at 230 
and 212 kHz  at 294 K leads to 0 = 20 ~ and 0 = 22 ~ , 
respectively.  The  temperature dependence of  the QCC 
is larger than that of  the hydroxyl  groups in kaolini te 
(QCC = 286.7 - 0.10 T) (Hayashi et al. ,  1994), and 
this is indicative o f  the greater mobi l i ty  of  the silanol 
groups in D-magadii te .  

The  QCCs in D-magadi i te  were  similar to those of  
silicate glasses and zeolites (QCC = - 2 0 0 - 2 5 0  kHz  
at room temprature) (Eckert  et  al., 1989; Kobe  et al. ,  
1995), indicating that the property of  the silanol 
groups in rnagadiite is similar to that in silicate glasses 
and zeolites. The QCC is correlated with the inter- 
atomic distance be tween  oxygen  atoms in O-D-O hy- 
drogen bonding (Hayashi et  al. ,  1994; Butler  and 
Brown,  1981). The QCCs  at 212 and 230 kHz  indicate 
the distances be tween two oxygen  atoms of  0.276 and 
0.284 nm, respectively,  which are consistent with the 
~H N M R  results. 

As the temperature increases above 294 K, the pro- 
file of  the spectra t ransformed gradually f rom the Pake 
doublet  pattern to a nearly triangular pattern (Figure 
2). This transformation indicates that the effect ive  
asymmetry  factor increased f rom 0. The silanol groups 
may  undergo other motions,  such as a two-site j u m p  
(Barnes, 1974). However ,  it is difficult to simulate 
these patterns, because the observed  spectra were  rel- 
atively featureless and two types of  silanol groups 
were present. 

We have demonstrated that combinat ion of  1H and 
2H N M R  measurements  revealed the presence of  two 
types of  silanol groups in protonated magadiite.  The  
ratio of  silanol groups with the stronger hydrogen 
bonding to those with the weaker  one was 2 to 1. The 
similar second moments  for the two silanol groups 
suggested that the two groups are dispersed homoge-  
neously. Furthermore,  2H N M R  showed that two types 
of  silanol groups underwent  similar wobbl ing motions.  
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