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(vimylpyrrotidone) (PVP) or hyd ety ecliul

(HPMC) were prepared by melting and rapid cooling.

wmmumammmr@umm-nuhm.duwmm-m
mmﬂm!-ﬂmlﬂ“fm“ﬂh[%w&ihl of tonal molecular mobility, was
calculated from the observed 7, or Ty, value and that of the 7, or T,, mini ing that the relayati
mdwu«nmmdmmm-dm-nmmwhhmm.ncgmn
mm—mmwruz—smmnmmhmwmm
umnut.mmmmm«mu&wm:mm«»

lower than that in solid

containing 20% HPMC. The of FLF remaining in the

mwmautummnmm-ﬁmwunnm
-mﬂhm”hbﬂ-lhwdmudmmhm-ldwth
-uwmmnwmmmwmummumc.mm-uhw
ity b solid dispersh taini; ﬂ'?lﬂ“llﬁhuﬂﬂdhblﬁdﬁ“ﬂ!hmﬂ
hyud-nﬂlludbyrfThMrM'mhmmmnhnﬁumnhm

ing the stability of drugs containing Busrine atoms In

solid disp

Koy words  "F-NMR mokecuar mobility: stability; crystallization; solid dispersion

solid dispersions are used for improving the
dissolution rate and solubility of poorly soluble drugs. How-
ever, drugs in amorphous form are generally less stable than
cryuﬂﬂmﬁmsbemo{nmtmﬂmmwmw
ligher molecular mobility. 1t is well known that polymeric
excipients can reduce the crystallization rate of many amor-
phous drugs'—'7 This stabiltzation by poly(vinylpyrroli-
done) (PVP) is partly anributable to its ability to decrease
molecular mobility, as indicated by increases in the glass
transition tempersty 11’.1"'1‘ fore, il is of great interest
to estimate the molecular mobility of drugs in solid disper-
sions. Although “C-NMR relaxation measurements are use-
ful for assessing the molecular mobility of drugs in solid dis-
persions,” the low sensitivity of "C because of its low natu-
ral sbundance is a drawback of “C-NMR. In contrast to *'C,
'k has very favorable sensitivity in NMR experiments, since
it s present im 100% natural abundance, is second only 1o the
proton in its resonance frequency (except "H) and has a spin
quantum number of 1/2. The receptivity for '*F is 83% of
that for 'H and 4700 times of that for "C " Many drugs con-
taining fluorine atoms are listed in The Japmnese Pharma-

This paper describes the feasibility of “F-NMR for assessing
the moleculsr mobility of FLF i PVP or hydroxypropyl-
methylcellulose (HPMC) solid dispersions, and discusses the

effect of polymer excipients on the crystallization lendency
of FLF in solid dispersions in terms of differences in molecu-
lar mohility.

Experimentsl

Materiab  FLF (Fig 1) was parchased from Wako Pure Chemucal lo-
MytOnn].udWl‘nllM‘mh-S_[ﬂ Lous, MO,
LS A ). FLF selid dispersions with PYP of HPMC were prepared by melt-
u-dmh'ﬂmofﬂ}w‘l’\!?ulw The solid disper-
HOTS. inod were confirmed 10 be phows from pic observa-
thomn smdder polarzed light

Nuclear Magoetic Relavation Measurements “F-NME mensure-
ments were camed o wang & model TNM-MU2S pulsed NMR spectrome
fer (JEOL DATUM, Tokyu) operating o a froa of 25 Mix
Vime profikes of spin-spin relaxstion of the °F aoms of FLIF were mesured
-’wh'ﬂm'p&lmbmhmmdhb
strament. Spin- lattice relxxation time @ the laborutory frame (7)) was meas-
wed wing the inverwon recovery pubie sequence Spin-latwe relaxation
“mﬁnﬂnh[r"]nwlwmmd
10G

D5 Mezmrements r.dnjm-nmumtuum
§ by 1DSC wsing & model 2000 differential cakrmetet

copoeia In contrast, almost all pharmacestical excipients do
not contain Auorine atoms. "*F-NMR may therefore have an
advantage over "C-NMR or 'H-NMR for selectivity and sen-
sitivity when assessing the molecular mobility of drugs con-
taining Muorine atoms in pharmaceutical dosage forms such
as solid dispersions.

The orentations and molecular mobility of flufenamic
acid (FLF)'™ and ""F-labeled a-tocopherol™ in a lipid bi-
layer were studied using ""F-NMR_ Structures and molecular
mobility of "*F-labeled peptides and proteins in biological
membranes were also investigated '’ To the nuthors’
knowledge, application of ""F-NMR 10 studies of drug mo-
Jecular mobility in solid dispersions has not been reporied.
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Results and Discussion

Maolecular Mobility of FLF as Measured by "F-NMR
Spin-Lattice Relsxation Time 7, and T, of fuonnc
woms of FLF in PVP and HPMC solid dispersions were
measured using a pulsed NMR spec in the

Val 57, Ma |

turc than T, mimmum.

We made following sssumptions i order o estimate the
molecular mobility of FLF from T, and T, of FLF fluonine
atoms: first, we d that FLF f stoms in the sohd

1 mainly via dipolar interaction, and that

ture mnge from —20 1o 130°C. T; is sensitive to the molecu-
lar motion on the time scale of the resonance frequency
(MHz order). On the other hand F\‘,amlm:blh.- mo-
leculsr motion with a freg Jent 1o the y of
wpin locking ficld (typically mul kHz order) *" The tempera-
ture dependence of T, and T, u!-ﬂ:mummmmnnwnf:
mmu-lu.hlhmkmlﬂd—‘ have

the contribution of fhe spin-rotstion interaction mecha-
nism’" is negligible. While rel via the spin rotation
nteraction mbuwhuhmwuﬂfwmdm
ple, 230 ! of dipol id:rlr.tmnhu
Wﬂkmhdd”'%lhmﬁmwmdm
the b of the cross-relaxation b fluorine and

lar motion with MHz time scale or mid kHz time scale pre-
e Iy fi y of 25 MHz, lower than
that of a ‘!ugl_n lution NMR spex

proton stoms can be considered small. It is known that relax-
lﬂmum minnsically single-cxponential when cross-relax-
ation b fluorine and proton atoms takes place ™ How-

was used to observe T, n the np:
studied. Figure 2 shows the d of T,

jo
1

ever, we assumed small contribution of the cross-relaxation,
the rel ul'F[Fﬂnmmummihmlu!du—

and T, of FLF !lumamml’\*’?uﬂl[ﬂl(‘ndlddw
pcrnorn For FLF-PYP sobd dispersions (7:3), the mim-
mum of T, or T, was obscrved at about 90°C and 60°C, re-
spectively (Fig. 2A). When the PV content decreased 1o
20% (wiw). T; und T, of FLF st temperatures above 70°C

was vnlhm I ty. In
of & large of models de-

} have been proposed for calcula-
umafdxmm&wyﬁ:m"’\lknud-nnmk
mode] that the molecul flected on T, or T, s rep-
d by single ¢ ume for the purpose of com-

could not be determuned due to rapid crysallization. Sl

temperature dependence of T or T, was observed for the
FLF-HPMC solid dispersions (Fig. 1B). The temperature
difference between 7, and T, mimmum 1s considered to be
duc to the difference in the time scale of molecular motion
reflected on T, (MHz order) and T, (mad kHz order). Since
the molecular motion on MHz time -:Ikluetmpmhml-
nant at higher P than ion on mud
kHz time scale, 7, mimimum s observed at higher tempers-
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panng the mobility of FLF in the PYP and HPMC solid dis-
persions. According to the shove assumptions, 7, and T, are
descnbed by Egs. | and 277

A el ¥ o e |

T, 0 Jreafn 1o aainl| m

[ N < oo o I

T, W~ |Tramn teagn 1w | @
where T, s the lation time that ch locul

reorientations, and @, and @, are the resonance frequencies
of fluorine atoms in the static magnetic field and spin locking
field, respectively. ¥, r and & are the gyromagnetic mtio of
fluorine, the dmtance of neighboning fluorine stoms, and the
Plank constant divided by 2X, respectively. Equations | and
2 infer that T and T, become mimmal when @, T, s approx-
imately 062" and @7, is spproximately 052" respec-
tively. When the minimum of T, or T, is observed, we can
calculste the unknown value, r, in Egs. | and 2 If 7 is
known, the T, value can be calculuted from the observed T,
or T, value, assuming that r docs not change with tempera-
tare,

The values of r calculated from the T, and T, minsmum
observed for the FLF-PVP solid dispersion (7 J) were 2.3
and 2.4 A, respectively, and similar r values were obtained
for the FLF-HPMC solid dispersion (7 - 3). These values arc

ble to the d valuc (2.174A) for 3-{rifluo-
h i g that dipole interaction
-Iomcanh:mabmdd:

domu wm of FLF fi sioms n
Muh&&mmﬁ&mbﬂmlhrn}mob-
tarned m this work and the reported value suggests that the
possibility of the tpm -rotabion interaction mechanism and/or

ol ik 3

2 ah
L

dipole fl and proton stoms cannot
be excluded as o rel h of FLF fluonne
atoms

Figure 3 shows the tempemature dependence of T, calcu-
lated from T, and 7y, for FLF fluonne stoms in the solid dis-
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persions. The ¢, of FLF fluorine atoms in PVP solid disper-
sions calculated from T, was B2us at 50°C, which was
about 3 times larger than that in HPMC solid dispersions
(2.6 ps), indicating that the molecular mobility of FLF was
lowered more strongly by PVP than by HPMC.

The T, values caleulsted using Ty values differ from those
calculated from Ty, values. The slope of temperature dopend-
mnfrgwmrrnmww&ﬂﬂle
mmummummmnmﬂk
is represented by a single T, may be too simple to describe
the molecular motion of FLF in the solid dispersions at tem-
peraturcs studicd, and that two or more molecular motions,
such as won of infh thyl group and motions with
larger scales than rotation of trifluoromcthyl group, may be
reflected on T, and 7, Funher studics including "H-NMR
relaxation t and diclectnic relaxats

6l

fluorine atoms of FLF in solid dispersions containing 20%
(wiw) PVP and that of fluorine atoms of erystalline FLF. The
signal for the solid dispersions was describable by the
| relaxation equation (Eq. 3), and its relaxation
time (T, ) was approximately 140 ps. Crystalline FLF exhib-
ited Gaussian relaxation signals (Eq. 4), and its relaxation
time (Tsq) was approximately 30 pts. These results indicate
ﬂd-mmphnuﬂlinnlid&-@aﬁnmhm&ndmn-
bt 1 e oty R

1-tespl—¢T,) (&)
1= lyexp] 2Tl 4

ﬂmef.mfmmndtﬁpﬂimmmnlﬁmeﬂndf.
uwﬁwly,ﬁpamidmnmlulndnn;mhfwtkﬂ;n—

rine atoms of FLF in the solid dispersions stored &t 60°C.

ments will be needed to identify the detailed molecular mo-  Sampl stored st 60 °C exhibited biphasic decay signals, and

tion of FLF in the solid dispersions. signals were describable by summation of the Gaussian
Correlation between Crystallization Tendency and  (solid line) and Lo ian (dashed linc) eguations (Eg. 5).

l“mm Iﬁﬂ?m.::.iwmwcwl 1= L1, oxpl - €T 4 Pyeap —£0275,)) t)]

growth. As a of the crystallizaty ! of where P and Py are the ratio of fluonne atoms exhibiting

amorphous FLF in solid dispersions, the overall crystalliza- Lorentzian and Gaussian relaxation ¢ ively, and

tion rate of amorphous FLF in the solid dispersions was esti-
mated from the time profiles phous FLF ining in
the solid dispersions mstead of ing the nucleation rate
and growth rate, Amorphous FLF in the solid dis-
persions was estimated by analyzing solid echo signals of
FLF fluorine atoms. Figure 4 shows the solid echo signal of

1EQ) i Tip FLFPVPA Y
—a— T FLESPMCA Y
1EQa FO=T ALF-AVPA
~@-T1 FLF-HPMC
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o |
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Fig L Tempersture Dependence of T, of FLF Fluonse Atoms m VP and
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Fig 4 Typeeal Sold Echa Signal of Fluonne Atoms of FLF i the Fredily
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At of Crystalline FLF

-FWP solld divperion

orystaibove FLE

P+ Pg= 1. Assuming that the Ty_and T values are 140 and
30 s, respectively, P, values of FLF in the solid dispersions
were estimated by curve fitting. P, values of the solid disper-
sions decreased with increasing storage time, indicating that
crystullization of amorphous FLF in solid dispersions takes
place during storage at 60°C. To centify the reliablity of the
P, values obtained by WE.NMR measurements, change in the
heat capacity at T. (ACLT,)) was determined for the solid
dispersions stored at 60 vanious peniods as a measurc
of phous FLF ining, and was compared with the
\MofPl,Mdmirth.b.ﬂuﬂﬂkuw-mm
nional to the AC(T, value, and was consadered 1o be a useful
measure of FLF remaining in the solid disper-
sons.

Figure 7 shows the time profiles of the P, values for FLF
solid dispersions containing 20% (w/w) PVP or HPMC at
60°C. The decrease in the ratio of Lorentzian fluonnc atoms
was faster for HPMC solid dispersions than for PVP solid
dispersions, indicating that the overall crystallization rate of
FLF in HPMC solid dispersions is larger than that m PVP
solid dispersions. The overall crystallization rate depends on
both molecular mobility (the rate of diffusion across the in-
terface between crystalline and hous phasc) and ther-

ar0

100

0 & 100 180 200
Time (us)

Fig 5 Typal Solid ticho Sipnals of Fluonme Atoms of FLF i the Sabd
haperuons Contamng 2% (w/w) PVP Stored o 60°C
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modynamic factors, such as free energy difference between
crysislline and smorphous form > Differences in the over-
all crystallization rate of phous FLF arc with
those in the molecular mobility (Fig. 3), suggesting that the
molecular mobility as determined by the “F-NMR spin-lai-
tice relaxation times may be one of the factors determining
crystallization rate, and uscful as 2 measure of the phywcal
stability of FLF in solid dispersions. The T, values of the
solid dispersions containing 20% PVP and 200 HPMC were
23°C and 15°C, respectively, indicating that molecular mo-
bility reflected on T, 1s higher for the solid dispersion con-
tmining HPMC than for that contaimng PVP The T, data
scem o support the speculation obtained from NMR data.
However, the scale of molecular mobility reflected on T, is
considered 1o be larger than thet reflected on 1, Further siud-
ies should be conducted 1o elucidate the quantitative correla-
tion between the physical stability of amorphous FLF and the
molocular mobility detormined by F-NMR.

In conclusion, F-NMR is useful for clucidating the mo-
lecular mobility of drugs contaming fluorine atoms in amor-
phous solid dispersions. t“ values of FLF fluonne atoms
were caleulated from the ""F-NMR spin-lattice relaxation
data. The 1, value for solid dispersions contaiming 20% PVP

val. 7, Na. |

was 23 times longer than that for solid dispersions con-
tmumng 20% HPMC ai 50 °C. Molecular mobility of FLF n
the solid dispersions containing 20% PVP was lower than in
those containmng 20% HPMC, and this was consistent with
the fact that the overall crystallumation rate of amorphous
FLF m the sobd d on containing PVP was smaller than
m that contmining HPMC., The molecular mobility deter-
mined by ""F-NMR scems to be useful as 8 measure of the
physical stability of an smorphous drug in solid dispersions
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ST

ABSTRACT: Inorder toexamine the p

lar mobility of

of deter

4
hydration water in active pharmaceutical ingredient (AP1) hydrates by NMR relaxation

. spin—spin rel

jon and spin-lattice rel

ion were ed for the

11 APl hydrates listed in the Japanese Pharmacopeia using pulsed "H-NMR. For
hydration water that has relatively high mobility and shows Lorentzinn decay, mole-

cular mobility as determined by spin-spin rel
of evaporation under both nonisothermal and

axation time (T3) was correlated with ease

isothermal conditions, as determined by

DSC and water vapor sorption isotherm analysis, respectively. Thus, T2 may be

o

idered a useful par which i

tes the molecul

mobility of hydration

water. In contrast, for hydration water that has low mobility and shows Gaussian decay,
T, was found not to correlate with ease of evaparation under nonisothermal conditions,
which suggests that in this case, the molecular mobility of hydration water was too low to

be determined by Ta. A wide range of water mi
from low mobility that could not be evaluated
the water molecules in pipemidic acid hydra
by this method, such as that of the water mal

e

obilitica was found among API hydrates,
by NMR relaxation time, such as that of

, to high mohility that could be evaluated
lecules in ceftazidime hydrate.

© 2008 Wiley-Liss, Inc. and the American Pharmacists Association J Pharm Sci 0742584268, 2008

NMR relaxati

Key d
isotherm

time; dy

INTRODUCTION

Correlations between chemical stability and
molecular mobility have been demonstrated for
various amorphous pharmaceuticals in the solid
state.! Furthermore, the chemical stability of
active pharmaceutical ingredient (APD) hydrates
is suggested to be correlated with the molecular
mobility of water of hydration present in the
crystalline structure.*?
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y ; DSC; water vapor sorption

Water molecules in API hydrates exhibit a
variety of physical states,“® suggesting a range
of molecular mobilities; water molecules incorpo-
rated into rigid crystalline structures may have
low molecular mobility, whereas less rigid struc-
tures contain water molecules with greater
mobility, Hydration water plays an important
role in determining the physical characteristics—
such as solubility® and flowability—of the API
hydrate. Therefore, an understanding of the
physical properties of hydration water, such as
molecular mobility, is eritical in the formulation of
API hydrates.

The molecular mobility of water in solids may
be determined by various methods, such as die-
lectric relaxation spectroscopy’ and FT-Raman

g
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Figure 2. Free ind decay for quinidine sulfate

Figure 1. Free induction decay for ceftazidime and
cefazolin sodium hydrates.

spectroscopy.” NMR is also utilized to determine
the molecular mohility of water in the solid state,*
and to examine the various mechanisms by which
solids interact with water.'”"" However, there
have been few studies in which the molecular
mobility of water in API hydrates was determined
using NMR. This may be because '"H-NMR, even
high resolution 'H-NMR, cannot separate the

Table 1. Water Content of API Hydrates

and scopolamine hydrobromide hydrates.

peaks of the water protons from those of the
protons in other components, which prevents
specific determination of water mobility. Although
the preparation of API hydrate samples using '70-
labeled water allows to specifically determine the
mobility of the water molecules by '"0-NMR,
unaffected by the other components, this
approach requires high cost and much labor.

Number of HyO per

Number of H;O per Spin—Spin Relaxation

API Hydrate Molecule Specified in JP  Molecule Determined by KF of Hz:0
Cefazolin sodium 5 4.67 Lorentzian
Ceftazidime ] 5.04 Lorentzian
Amaoxicillin 3 294 Lorentzian
Ampicillin 3 2.96 Lorentzian
Berberine Chloride Not specified 267 Gaussian
Quinine hydrochloride 2 1.31 Gaussian
Scopolamine hydrobromide 3 232 Gaussian
Saccharin sodium 2 1.15 Gaussian
Pipemidic acid 3 29 Gaussian
Sulpyrine 1 0.98 Gaussian
2 1.95 Gaussian

Quinidine sulfate
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