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In this work, we applied the 1D B nutation NMR method for the analysis of the local structural environments
in powdered borosilicates (SiO,-B;05). Spin dynamics during a rf irradiation for spin I=3/2 was analytically cal-
culated with a density matrix formalism. Spectral simulation programs were written in MATLAB on a PC.
Two borosilicates prepared by the sol-gel process at different stabilization temperature were used for the 1D
"B nutation NMR experiment. The "B NMR parameters, quadrupole coupling constants (e’qQ/h) and asym-
metry parameters (%)), for each borosilicate were extracted from the nonlinear least-squares fitting. The effects
of heat treatments on the local structures of boron sites in borosilicates were discussed.

Introduction

Solid-statt NMR spectroscopy has been widely used for
the structural investigations in inorganic solids having qua-
drupole nuclei (I>1) such as ’H, "B, ®Na, “Al, *Mn, etc.
The quadrupolar interaction parameters, quadrupole cou-
pling constant (¢’qQ/h) and asymmetry parameter (1), give
informations about magnitude and shape of the electric field
gradient at the quadrupolar nuclei site, respectively. So
these values are sensitive to the local symmetry and give
the direct structural information. Various NMR methods are
available for the study of quadrupolar interaction by the
analysis of central transition lineshape and spinning side-
band. With MAS (magic angle spinning),"> VAS (variable
angle spinning),’ DAS (dynamic angle spinning),"® and
DOR (double rotation)* NMR methods, it has been possible
to reduce the second order quadrupolar line broadening par-
tially by averaging the inherent anisotropic quadrupolar in-
teraction.

2D Nutation NMR for especially half-integer spin system
has been proven to be a valuable method for the study of
quadrupolar interaction. When wy(=3e’qQ/81(2I - 1)h) and
o, represent the quadrupolar interaction strength and the of
pulse strength, respectively, nutation NMR spectrum can be
distinguished into three cases; (1) when ;> o, the nu-
tation spectrum illustrates a single absorption signal at (I+1/
2)a,; nutation frequency, (2) when 0, < @, the nutation
spectrum also illustrates a single absorption signal at ), nu-
tation frequency, and (3) when @, =~ @, the nutation spec-
trum becomes a function of w, and w,, and shows charac-
teristic first order quadrupolar powder pattem. For a static
powdered sample, conventional high field wideline spec-
trumn shows that the central transition is perturbed by qua-
drupolar interaction combined with chemical shielding. So
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if we have more than one nuclear site in the sample, over-
lapping powder patterns are really hard to resolve. 2D nu-
tation NMR can resolve the overlapping powder patterns: it
is possible to separate informations on each of two di-
mensions. The F2 dimension yields the conventional wide-
line spectrum. The F1 dimension yields the characteristic nu-
tation spectrum. In addition, it is possible to determine the
quadrupolar interaction parameters, e’qQ/h and n, in the 1D
nutation NMR spectrum from the relative intensity of the
central transition signal according to the rf pulse length £,

Spin dynamics during a tf excitation pulse such as x, -x,
rotary-echo, or two opposite pulse has been calculated for
spin 1=3/2"" 52,1 7/2 1% and G/2"> gystem. 1D and
2D nutation NMR spectroscopy has been experimentally
used for the measvrement of quadrupolar interaction para-
metets in ALO, and NH,7AKSO,), 12H,0,'" the quan-
titative determination of 4-coordinated framework and 6-
coordinated non-framework *Al sites in zeolite Y, the
investigation of nucleation and growth behavior of lithium
disilicate,” the structural phase transition of *RbCaF,,* and
the measurement of bond length in amorphous solids.®

Herein, we will show the effects of heat treatments on
the local structures of boron sites in borosilicates by using
1D "B nutation NMR method. For this, we are trying to es-
tablish our theoretical basis with numerical simulation for
nutation NMR methed of spin [=3/2 system.
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Theory

Scheme 1 shows a graphical description for the x-nu-
tation NMR pulse sequence.

With rf pulse on resonance, the Hamiltonian in the ro-
tating frame during # is given by

Hon =Hiy 4 HY== 01+ Gpao (6,9) (‘IZZ_I.%M) ] ()
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where

H, and H," represent the coupling of the spin with the 7f
magnetic field and the first order quadrupolar interaction,
respectively. © and ¢ are Euler angles needed to orient the
principal axis of electric field gradient tensor with respect to
the applied magnetic field. If the rf pulse is much swonger
than quadrupolar interaction, Hy® in Eqn. (1) can be
neglected, which is a prerequisite for ordinary FT-NMR.

For spin 1=3/2 system, matrix representation for H,, is
given like
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Unitary matrix (T} diagonalizing Hamiltonian can be found
by solving secular equation like H,,¥=AF; or Det(H . +All)=
0. The result is as follows:
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The dynamics of spin system can be obtained by solving

* the Liouville-von Neumann equation. The evolution of den-

sity matrix during # on the rotating frame is given by

Py, t2=0); ={exp(—iHon1,) p(0) exp(iHon 1)}11
= {T exp(=iT*Hon Tt )T* p{0) T exp(iT*Hom Tt,) T},

=2 {Tx Ty exp{—~i (A — A JT (0T )y}
I

Thus, p(1), t,); =0t =0); exp{-i{e} - @)t}
=t°—xp{—i(az>1—au,-)rz}zJ
¥

(T Ty exp{~i (A =AY JTP(OT )y }- 4

where the equilibrium density matrix p(0) corresponds to /.
The central transition (; j=1/2, — 1/2) coherence is sup-
posed to be detected, because only the central transition coh-
erence excited by a rf irradiation survives during the dead-
time. The density matrix at the end of a rf pulse associated
with the central transition coherence is described by

Pt 13=0)y 1p=
(1 +¢0s8, +cos, +cosB, cosé,—3sind,sindy) sin(d, — ),
+(1 —cos8, +cos@, — cosd,; cosh,+3sindsind,) sin(A, — A;)t,
+(1+cos@, —cosB, - c0s8; cosé, + 3sinB,sing,) sin(A, — A},
+(1 - cos8, - cosb,+cosb, cosh, ~3sinbsind,) sin(d, —A,)r; (5)

where (A-As), (A=As), (Ap-AL), and (A,-A,) represent four nu-
tation frequencies resulted from one triple quantum (23) and
three single quantum transition coherences (13, 24, and 14).
The transitions are indicated in the energy level diagram in
Scheme 2.

The central transition FID during #, can be calculated by

S¢, =0 o=Tr{plty, t,=0) s +il))} 1y 2=ipn 10 (6)

The expression results in only the imaginary components be-
cause the rf pulse along the x-direction is applied. But sup-
pose we apply pulse along y-direction, the signal would ap-
pear along x in real experiment, then the signal detected
would correspond to real sign. In addition, the central tran-
sition FID during ¢, is given by
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(1~cos?PBX1-9cos?f) for n=0. FT in £, of Eq. (6) and double
FT in ¢, and ¢, of Eq. (7) give 1D and 2D nutation NMR
spectrum, respectively.

Experimental

Sample Preparation. Two borosilicate samples (SiO,-
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B,0,) were prepared by the sol-gel process; mixing, aging,
drying, and stabilization. More details are described in litera-
ture.”* Sample labels BS150 and BS850 are based on the
stabilization temperature 150 °C and 850 °C, respectively.
According to Oldfield er al.” borates and borosilicates
show two kinds of local structures at boron sites, trigonal
(BO,) and tetrahedral (BO,); the "B quadrupolar interaction
is small in BO, (e’qQ/h=0-0.8 MHz) and larger in BO,
(e’qQ/h=2.4-2.8 MHz).

Solid-State 1D 'B Nutation NMR Spectroscopy.

Solid-state 1D "B nutation NMR spectra were acquired
on a Bruker MSL200 solid-state NMR spectrometer operat-
ing at 64.2 MHz. The sample was packed into 5 mm glass
sample holder for a static wideline probe. The x-nutation
NMR pulse sequence was used. The tf pulse length (#,) was
incremented in steps of 2 ys, typically from 1 to 99 us. The
if pulse strength (®,) was adjusted to ~36 kHz which cor-
responds to 180° pulse length of 14 ps by using an aqueous
solution of boric acid. A relaxation delay of 10 s and a
dead time of 10 pus were used. Each spectrum was obtained
by summing 120 free induction decays (FID). Exponentially
filtering of 1 kHz and zero filling of 1 K were applied. The
relative intensity of the central transition signal was measur-
ed from the integration of Fourier-transformed and manually-
phased spectrum. The "B chemical shift values are refer-
enced to external trifluoride diethyletherate (BF,Et,0).

Simulations. No corrections for the rf field inhomo-
geniety, the relaxation effect, and the second-order quadru-
polar interaction effect were made in the spectral simu-
lations. In this work all simulations are dome for static
powdered samples with spin 1=3/2 system. All spectra cal-
culated from Equations. (6) and (7) are simulated by sum-
ming the four nutation frequencies for Euler angles 0 and ¢
orientations over the range of 0 to 90° with sin(9) weighting.
Typically, we use a uniform step angle of 1" and the cal-
culation takes about 5 minutes for a nutation spectrum (512
data size) and about 50 minutes for a 2D nutation spectrum
(256 128 data size) on a PentiomPro PC. Simulation pro-
grams were written in MATLAB v5, a vector oriented pro-
gramming language.

Results and Discussion

Figure 1 shows the calculated relative intensity of central
transition signal in the 1D nutation spectrum versus the rf
pulse length ¢, for several values of ¢’qQ/h with n=0 at @~
50 kHz. It clearly illustrates that the precession frequency
and amplitude of the relative signal intensity are dependent
on the values of quadrupolar interaction parameters. In com-
parison with two extreme cases in the nutation theory, ®, (=
3e’qQ/BI2I-h) » o, and ;< ®,; both magnetizations
converge into sine curves; the magnetization of the former
(e’qQ/M=1000 kHz) precesses almost twice faster frequency
and half smaller amplitude than that of the latter (¢*qQ/h=0).
The qualitative understanding is as follows. For very weak
quadrupolar interaction (0, < ®,), all coherences including
sideband coherences are flocked together so that the rf pulse
strength satisfies the strong pulse condition. This situation
should be similar to the case for solution sample. For very
strong quadrupolar interaction (@,>> ®,), the central band
coherence isolated from sideband coberences precesses much

Bull. Korean Chem. Soc. 1998, Vol. 19, No. 5 521

faster because the rf pulse can excite only the central coh-
erence. In this case, the central band coherence can be treat-

S (¢ .t2=0)2
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Figure 1, Calculated relative intensity of the central transition

signal in the 1D nutation NMR versus the rf pulse length f,.

Parameters used in the calculation are as follows: w,~=50 kHz, n=

0, and €’qQ/h=0 (—), 300 kHz (---) 500 kHz (--), and 1000

(——- } kHz.
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Figure 2. (a} Calculated 2D putation NMR spectrum for spin I=
3/2 system and (b) the projection along the F1 dimension.
Parameters used in the calculation are as follows: ®,=50 kHz, n=
0, and ¢’qQ/h=300 kHz.
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Figure 3. Calculated nutation NMR spectra for spin [=3/2 sys-
tem. Parameters used in calculation are as follows: ,=50 kHz,
1=0, and e’qQ/h=(a) 2000, (b) 1000 kHz, (c) 500 kHz, (d) 300
kHz, (¢) 100 kHz, and (f)} 0 kHz. The scale factors are (a) 0.30,
(b) 0.18, (c) 0.12, (d) 0.10, (e) 0.19, and (f) 1.0.

ed as an isolated fictitious spin-1/2 operator.

Figure 2 shows a calculated 2D nutation spectrum and its
projection along the F1 dimension for the value of e’gQ/h=
300 kHz with n=0 at @,=50 kHz. An important feature of
2D nutation NMR is the separation of inforations on each
of two dimensions. Projection along the F2 dimension repre-
sents conventional high field wideline spectrum. Projection
along the F1 dimension especially for the intermediate case
(g = 0,) represents a characteristic nutation spectrum
tesulted from only quadrupolar interacfion parameters.

Figure 3 shows the calculated nutation NMR spectra for
several values of e’qQ/h with n=0 at ©,=50 kHz. These
spectra cotrespond to the projections along the F1 dimen-
sion in 2D nutation spectra. The nutation spectra in two ex-
treme cases, ie. Figure 3(a) and (f), represent single ab-
sorption signals located at ®; and 2w, respectively. If the
sample contains two nuclear sites with different strength of
quadrupolar interaction, the F1 dimension yields two signals;
one is located at o, and the other at 2w, The intermediate
nutation spectra, i.e. Figure 3(b} to (e), show rather charac-
teristic nutation spectra, Shown in Figure 4 is a nutation
spectrum and its four spectral components simulated from
{(A2-A,) triple quantum and (A-Ay), (A2-Aq), and (Ai-As) single
guantum transition coherences. The lineshapes of four powd-
er pattens are quite different and the signal intensity from
triple coherence is very weak relative to those from single
coherences. Figure 5 shows the maximum and minimum nu-
tation frequencies for the values of e’qQ/h=0 to 1000 kHz
with n=0 at ®,=50 kHz. The maximum and minimum nu-

- tation frequencies from (A-A;) and (ArA,) coherences are
distributed between 0 and 2w, For (A-As) and (A-A;) coh-
erences, the minimum outation frequencies are set to @,
and 3w, respectively, and the maximum values are largely
dependent on the values of e’qQ/M. Asterisks (*) on the
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Figure 4, Calculated nutation NMR spectrum for spin I=3/2 sys-
tem with the values of ¢’qgQ/h=300 kHz and N=0 at «,=50 kHz.
Four separated powder patterns calcnlated from each nutation fre-
quency are shown in (a} total, (6) (Ar-Ad), (©) ArrA)s (d) (Mu-hs),
and (¢) (A-As).
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Figure 5. Maximum and Minimum nutation frequencies for
spin I=3/2 system versus the values of e’qQ/h=0 to 1000 kHz at
1n=0 and ©,=50 kHz. Four nutation transitions are represented as
follows; (A-Ag); =, (Ra-Aels oy (A-Ag)y —, and Apha); —=-—.
Asterisks (*} on the curves indicate the maximem and wminimum
values for ¢’qQ/h=300 kHz and n=0 at ,=50 kHz.

curves indicate the maximum and minimum values for €2qQ/
h=300 kHz, which are comparable with a nutation spectrum
shown in Figure 4.

Shown in Figure 6 are the results of the nonlinear least-
squares fit {(— ) of calculated signal intensities to the experi-
mental signal intensities (= ) of the 1D "B nutation NMR
spectra for BS150 and BS850 borosilicates. The Levenberg-
Marquardt nonlinear least-squares algorithm® was used. The
fitted variables include the values of ¢’qQ/h and 1y for two
boron sites and their fraction in each borosilicate. The ff
pulse strength (@) is fixed to 38 kHz instead of 36 kHz, ex-
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Figure 6. The nonlinear least-squares fit (—) of calculated sig-
nal intensities to the experimental signal intensities (@) of 1D
"B nutation NMR spectra for (a) BS150 and (b) BS850 boro-
silicates. The fitted ''B NMR parameters are listed in Table 1.

Table 1. The results of the nonlinear least-squares fitting for BS
150 and BS850 borosilicates

Sample e'qOM "B Local
Label (MHz) Environment

BS150 0502 (1) 0302 (3) 098 (9)° Tetrahedral
BS8S0 246 (2) 0.045 (3) 1.00 (2  BO.

? Fraction of BO, in boron sites. ® Fraction of BQ, in boron sites.
“ Predicted from the known values of e’qQ/h and n.%°

n r

perimental value. The fitting results are listed in Table 1.
BS150 and BS850 borosilicates are consisted of one kind of
boron site, tetrahedral BO, and trigonal BO,, respectively.
An important feature is the observation of the effects of
heat treatments on the local boron environment. As the sta-
bilization temperature increases from 150 °C to 850 °C, the
local structures of boron sites change from asymmetric (n >
0) tetrahedral BO, to symmetric (= 0} trigonal BO,.
These results can be explained as follows. At 150 °C, be-
cause of the oxophilicity of boron atom in BO,, it is more
accessible to oxygen atom in remaining solvent, molecular
water, and silanol group for the formation of tetrahedral
BQO,. At 850 °C, the local structural changes from BO, to
BO, is occurred by the dehydration.

2D nutation NMR method is useful for the separation of
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overlapping powder pattern having quadrupole nuclei at two
dissimilar electric field gradients; one with a large quadru-
polar interaction (@, > ®,) and the other with a small qua-
drupolar interaction {w, < w,) with respect to the tf pulse
strength. On the other hand, 1D nutation NMR is a valuable
method for the determination of the values of ¢’qQ/h and n
from the analysis of the signal intensities. In this work, we
nced to obtain the values of e’qQ/h and T and to explain
the differences in the local boron environment for two kinds
of borosilicate, thus 1D "B nutation NMR method was used.

Conclusions

We applied the 1D '"B nutation NMR method for the de-
termination of quadrupolar interaction parameters in powd-
ered borosilicates. Four nutation frequencies were calculated
by using a density matrix formalism. Based on the theoret-
ical calculation, nutation spectra as a function of guadru-
polar interaction parameters were simulated. There are two
ways to acquire the quadrupolar interaction parameters by
using a nutation NMR method. They can be extracted from
(1) the projection along F1 dimension in the 2D nutation
spectra for the intermediate case (Wp+w,) and (2) the signal
intensities in the 1D nutation spectra according to the rf
pulse length (#,). In this work, the second way was used to
determine the quadrupolar interaction parameters in two
borosilicates.
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Assay of Midazolam in Human Plasma by Gas-Liquid Chromatography
with Nitrogen-Phosphorus Detection
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A sensitive and specific method is described for the determination of midazolam in human plasma. The drug
was extracted from 1 mL of carbonate buffered plasma (pH 9.6) with 8 mL of diethyl ether. Famprofazone
was used as internal standard. The organic phase was evaporated to dryness. The residue was dissolved in
methanol for the direct analysis by gas chromatograph-nitrogen phosphorus detector system. In the con-
centration range of 1-5000 ng/mL, the calibration curve was linear. The coefficients of variation from the pre-
cision test were < 6% at the range of the concentration of 0.10-2.00 pg/mL and the detection limit for mi-
dazolam in 1 mL of plasma was 0.5 ng. This assay is more sensitive, selective, simple and rapid than earlier
methods. Plasma midazolam concentrations were determined by this method after administration of mi-

dazolam.

Introduction

Midazolam [8-chloro-6-(2-fluorophenyl)-1-methyl-4H-
imidazo(1,5-a)(1,4)-benzodiazepine] (Figure 1) is a benzodi-
azepine used as a premedicant and sedative in surgical and
other procedures and for the induction of anaesthesia.

It is also used in the management of severe insomnia. Ex-
cessive drowsiness, sedation and ataxia are the most fre-

Figure 1. The structure of midazolam.

quent adverse effects. Respiratory depression and hypoten-
sion have occurred after intravenous use for conscious se-
dation.! Although blood level studies have been described,
currently available methods for determination of the drug in
plasma are not suitable for pharmacokinctic studies in
which single doses may be compared. Several methods bas-
ed on different principles have been proposed for the de-
termination of midazolam. For the determination of nano-
gram amounts of midazolam in biological fluids, the most
commonly used methods employ high performance liquid
chromatography (HPLC)*® and gas chromatography (GC)."*™
HPLC methods are not sensitive enough to determine the
trace levels (down to 1 ng/mL) of midazolam present in hu-
man plasma. Several GC methods''"* measured plasma con-
centrations of midazolam by a single-step extraction pro-
cedure with a mixture of chloroform and ethylacetate (80:
20)," or n-hexane-dichloromethane (70:30)."® These sol-
vents such as chloroform and dichloromethane are very tox-
ic for human.

We propose a GC separation with NPD after a single ex-
teaction with diethyl ether for the selective and highly sen-



