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Abstract

Purpose AG-041R is characterized to be stable in amorphous state and difficult to crystallize at normal period of time. In order
to investigate the molecular mobility in microscopically, the spin—lattice relaxation fimeo{ AG-041R was investigated by
solid-state CP/MAS®C NMR at temperature below and above glass transition temperai)réiethod CP/MAS measurement
andT; measurement were performed by mean$6fNMR, where the measurement temperatures were 60, 70, 80, 100, and
110°C. The spin-lattice relaxation tim&,) of AG-041R was calculated from the relaxation cuniesultsFrom the analysis
of T, of amorphous AG-041R, it was clarified that all of the carbons did not start moving drasticajyatl there were some
groups of carbon in terms of temperature dependendy.o®ne is a type, such as the carbons in benzene ring: Theias
drastically changed dfy. On the other hand; of carbonyl carbons gradually decreased, and afigvieir T, was still higher
than that of the other carbons. There was no significant change infthe methyl carbons arount,. From the study of IR
and*H NMR in solution, the inter- and intramolecular hydrogen bondings between NH a@dv@re found in AG-041R.

Due to hydrogen bonding, the inter- and/or intramolecular interaction is considered to retain even at supercooled liquid state.
ConclusionThe structure that contributes glass transition is the main skeleton structure, such as benzene ring, while small group,
like methyl, start to move at lower temperature tiignOn the other hand, for the carbons, such as carbonyl, their structure was
restricted by inter- and/or intramolecular interaction, therefore, their molecular mobility was significantly lowTgbove

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction such as improvement of solubility, enhancement of
dissolution rate, and promotion of therapeutic activ-
Amorphous pharmaceuticals having largely higher ity (Yamaguchi et al., 1992; Jaeghere et al., 2000
free energy than any other crystalline forms have many However, the drawbacks of these pharmaceuticals are
advantages for the formulation of solid dosage forms, their chemical instability, which could lead to unfa-
vorable effect on shelf-life. In order to manufacture
"+ Corresponding author. Tek+81-47-472-1337: the favorablg amorphous. pharmaceutipals, it is'r.1eces—
fax: +81-47-472-1337. sary to predict the chemical and physical stability of
E-mail addressterada@phar.toho-u.ac.jp (K. Terada). amorphous pharmaceuticals on the storage period of
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time (Yoshioka et al., 1994; Matsumoto and Zografi,
1999. It is fundamental to achieve better understand-
ings of the dynamics of molecular motion occurring
amorphous pharmaceuticaldgncock et al., 1999a,b
Schmitt et al., 1999 because molecular relaxation
takes place during storage of the amorphous phar-
maceuticals. The molecular mobility of amorphous
pharmaceuticals and their stability have been reported
for various analytical methods, such as differential
scanning calorimetry (DSCMoynihan et al., 1974
thermal mechanical analysis (TMAH&ncock et al.,
1999a,h, and dielectric relaxationYpshioka et al.,
1999. The thermal methods have been performed at
temperature below and abovi and macroscopic
corporative type of molecular motion was monitored
as relaxation enthalpy. These macroscopic analyses,
however, only observe an average mobility of whole
molecule.

The spectroscopic researches about the relaxation
behavior of amorphous pharmaceuticals have also
been done by NMRAso et al., 2000; Wang et al.,
1996; Shamblin et al., 2000The spin—lattice relax-
ation time {T1) and spin—spin relaxation timeT4)
have been measured for amorphous pharmaceuticals
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Fig. 1. Molecular structure of AG-041R.

Amorphous of AG-041R was prepared as a pale yel-
low powder by ether/hexane re-precipitation method.
The glassy-state AG-041R, which has no thermal his-
tory, was prepared by cooling at 2G/min from 160

to 30°C in DSC cell. Chloroform was purchased from
WAKO Chemical Company (Japany-Chloroform
was purchased from MERCK Chemical Company.

However, few researches have been performed about2.2. Methods

microscopic performance of amorphous pharmaceuti-
cals, such as molecular motion of functional groups.
In an attempt to gain better understanding of relax-

The thermal characteristics were investigated by
means of DSC (DSC7, Perkin Elmer) with heating rate

ation process in amorphous pharmaceuticals, it is as-of 20°C/min. Samples of AG-041R were weighted
sumed that the mobility of each functional group may into aluminum pan (Perkin Elmer). To study enthalpy
act as different relaxation and may affect the physical relaxation, AG-041R was heated in a cell of DSC or

stability of amorphous systems. This paper describes
the macroscopic and microscopic molecular mobility
of AG-041R measured by enthalpy relaxation time
with DSC and relaxation of functional group by solid-
state’3C NMR.

2. Materials and methods
2.1. Materials

A newly synthesized cholecystokinin-B/gastrin re-
ceptor antagonist AG-041RR31-(2,2-diethoxyethyl)-
3-((4methylphenyl)aminocarbonylmethyl)-3-((4meth-
ylphenyl)ureido-indoline-2-one)Oing et al., 1997;
Fukui et al., 1998 was used experimentally. The
chemical structure of AG-041R is shown kig. L

in the air thermostat at 6@. Nitrogen gas was used
as the purge gas.

The molecular conformation including existence
of intra/intermolecular hydrogen bond was studied
in chloroform ord-chloroform using FT-IR (FT-730,
HORIBA) and 'H NMR (EX-270, JEOL). Sample
concentrations were in the range of 2.5-40mM for
FT-IR and 0.8-30mM for'H NMR. The internal
reference intH NMR was TMS. The solid-state FT-
IR was measured with KBr by Diffuse Reflectance
Analysis (DRA) method using DRA unit (Spectra
Tech). The range of FT-IR spectra was from 400 to
4000cnm?,

CP/MAS measurement anf, measurement were
performed by means ¢fC NMR (CMX-300 Infinity,
Chemagnetics), where the measurement temperatures
were 60, 70, 80, 100, and 11Q and waiting times
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were 11Qus, 100, 500ms, 1, 3, 5, 10, 20, 35, and 50s. laxation time constant{ was evaluated using the data

Data were analyzed using the Spinsight software. of the enthalpy recovery. The molecular relaxation
process is typically non-exponential and is usually
analyzed by Kohlrausch—Williams—Watt§Villiams

3. Results and discussion and Watts, 1970; Shamblin et al., 2QG@&uation.
The extent of relaxation was calculated from the
3.1. Confirmation of the physical stability of following equation:
AG-041R by macroscopic relaxation using thermal AH(?)
analysis =1~ AH(c0) @)

AG-041R was characterized by the powder X-ray Whereé AH(t) and AH(co) are measured enthalpy
diffraction and DSC methods. The distinct diffraction €COvery at timet and maximum enthalpy recov-
peaks due to crystals were not observed by the powder€Y» Tespectively. Forg(t), empirical equation of
X-ray diffraction. The DSC curves did not show en- Kohlrausch-Williams-Watts was applicable to en-
dothermic behavior due to melting, however, exhibited thalpy relaxation.

a small jump of heat.capacity due to glass tr_ansit.ic.)n at ¢(r) = exp(—1/1)” 2
about 90°C. The solid-state AG-041R was identified

to be amorphous_ Amorphous iS a non_equi”brium wheret is the Storage t|me’§ is the relaxation time
state that will be occurred due to relaxation during constant, andB is a relaxation time distribution pa-
storage. In order to study the molecular mobility of rameter.

amorphous AG-041R in macroscopic view, the en-  The relaxation function of glassy AG-041R at®D
thalpy relaxation phenomenon was investigated by Was calculated fronkgs. (1) and (2using non-linear
DSC. The enthalpy relaxation of AG-041R was mea- 'egression. ConsequentlH(co) was calculated to
Sured at 60C using fresh|y prepared Samprdg_ 2 be 17.9 \]/g The relaxation time)(WaS estimated to
shows the enthalpy recovery of amorphous AG-041R be 1440 h with exponential function)(of 0.29. The
stored at 60C for 10 months. The peak area depicted elaxation time of amorphous AG-041R is extremely
in DSC curve represents the enthalpy recovery related longer than that of other pharmaceuticals, such as in-
to the amount of relaxation of amorphous AG-041R. domethacin, having the relaxation time of 2.4h at
The enthalpy recovery associated with the relaxation 30°C. Therefore, we have confirmed that AG-041R
amount increased with storage time. In order to study Would be significantly stable in amorphous state un-

the molecular mobility of AG-041R, the molecular re- der conventional storage period. The thermal analysis
measures overall relaxation process and measures the

average relaxation time. To clarify the good stability
¢ of AG-041R, the microscopic relaxation measurement
was performed in the following section.

3.2. Microscopic relaxation of AG-041R

Endothermic
"
o

3.2.1. Molecular conformation of AG-041R

In the research of relaxation of amorphous solid,
evaluation of the molecular conformation of AG-041R
in amorphous state gives important information con-
' ) ) . l . ] cerning the microscopic movement of molecule. The
30 50 70 % 10 130 150 solution spectra of IR and NMR were measured to
Temperature ('C) speculate the molecular conformation of AG-041R

Fig. 2. Enthalpy recovery of amorphous AG-041R stored &t@&0 n amorpho_us stateFig. 3 Sh(_)WS .the IR spectra of

for 10 months; (a) after cooling, (b) stored for 3 days, (c) stored "_(N_H) region of A_C;'041R with d'ﬁere_'nt concentra-
for 10 months. tions of AG-041R in chloroform solution. The peak
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Fig. 3. The IR spectra of 40, 20, 10, 5, and 2.5mM AG-041R
chloroform solution in the region from 3500 to 3200¢h

at 3429cm! was assigned to free(N-H) and the
peak at 3356 cm! was assigned to hydrogen bonded
v(N-H). The hydrogen bondedN-H) was still re-
mained as low concentration as 2.5 mM. Furthermore,
three amide | absorbance bands (around 1700'¢cm
C2=0, C15-0, C230) were changed with concen-
tration as well (data not shown). The=O peaks ob-
served around 1700 crh were overlapped; therefore,

it was very difficult to assign the peaks of the sam-
ples. From the change in the intensity of hydrogen
bonded N-H and €0 in IR spectra, the formation of
the intra- and intermolecular hydrogen bondings were
assumed in the AG-041R molecules.

The 'H NMR spectra of AG-041R were also mea-
sured with the different concentrations of AG-041R
in d-chloroform solution.Fig. 4 shows the chemical
shifts of three N—H groups at different concentrations.
Although the chemical shifts of amide at N14 was not
observed, the downfield chemical shifts of amides at
N24 and N16 were observed with increasing concen-
tration. From the IR andH NMR spectra, we have
confirmed that intermolecular hydrogen bonding was
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Fig. 4. The'H NMR chemical shifts of N-H of AG-041R in
CDCls.

formed at N16 with C20 or C15-O and N24 with
C2 or C15, and intramolecular hydrogen bonding was
formed at N14 with C230. The chemical shift of
N24 was greater than that of N16, suggesting that
the molecular interaction between N24 and=CRor
C15-0 would be stronger than that between N16 and
the carbonyl groups.

3.2.2. Solid-staté>C NMR spectra of AG-041R

NMR spectra in the solid state provide some infor-
mation regarding the local environment of individual
carbons. In order to investigate the molecular mobil-
ity of amorphous AG-041R microscopically, CP/MAS
13C NMR was measured at temperature below and
aboveTy. Fig. 5shows the CP/MAS3C NMR spectra
of AG-041R measured at temperatures ranging from
60 to 110°C. The assignment of each signal was com-
pared to C—H COSY solution spectra and the chemical
shift of each carbon was depicted in the CP/MERE
NMR spectra. In the CP/MA$C NMR spectra, the
distinct change in chemical shifts was not observed
both below (60, 70, and 8@) and above (100 and
110°C) Tg. However, the increase in sharpness of each
signal was observed abo¥g. It is considered that the
prominent structural change, such as crystallization of
amorphous, did not take place at these temperatures.
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Fig. 5. The CP/MAS!C NMR spectra of AG-041R measured at temperatures ranging from 60 ttC110

3.2.3. Temperature dependency of relaxation time
(T1) of AG-041R

The molecular mobility of each functional group
was determined from CP/MASC NMR relaxation
time at below (60, 70, and 8C) and above (100
and 110°C) Ty. The microscopic mobility of each
functional group was evaluated on the basis of re-
laxation time. The spin—lattice relaxation timeqJ
of AG-041R was calculated from relaxation curves.
Fig. 6 shows the relaxation curves of quaternary car-
bon (C3) at 60 and 11TC. The relaxation at 110C
was faster than that at 6C, suggesting the existence
of the temperature dependency of the relaxation rate.
The relaxation curve of signal intensity was fitted to

Table 1

two exponential functions, which is related to slow
relaxation process and fast relaxation process.

1) = IPexp(—t/T) + 1T exp(—1/ T) (3)

where superscripts (S and F) show the slower and
faster relaxation processes, dffjlis a signal intensity
attimet, IS, andI are the signal intensity, arfef® and

Tf are the relaxation time due to the slower and faster
relaxation processes, respectivelgble 1shows the
relaxation time and signal intensity of slow and fast
relaxation processes of quaternary carbon (C3). The
slow and fast relaxation times of C3 at 8D were
determined as 119 and 1.9s, and the signal intensity
of each process was obtained as 1767.3 and 698.6,

Relaxation time and signal intensity of slow and fast relaxation processes of quaternary carbon (C3)

Temperature°C) Relaxation time (s) Signal intensity
Slow () Fast (T) Slow (5) Fast (F) 1S/(15 + 1F) IF/I(IS +1F)
60 119.3 19 1767.3 698.6 0.72 0.28
70 71.9 1.2 1540.5 777.2 0.66 0.34
80 72.1 1.8 1606.6 501.9 0.76 0.24
100 30.7 2.7 1805.6 592.8 0.75 0.25
110 28.2 1.7 1990.1 594.6 0.77 0.23
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Intensity

041R. However, no significant change was observed
in the other carbons, and there were some groups
of carbon in terms of temperature dependency of
T1. One is a type, such as the carbons in benzene
ring (values plotted by symbolA’ in Fig. 7 are the
mean data of benzene ring carbons): thEir was
drastically changed afy. On the other handl; of
Fig. 6. Relaxation curves of C3 at 60 and P carbonyl carbons gradually decreased, and aldgve
their T1 was still higher than that of the other carbons.
There was no significant change of in the methyl
respectively. At the temperature of 190, the slow  carbons aroundy. The quaternary carbons showed
relaxation time was decreased to 28.2s. On the othertwo Ti: the slower componentTf) was similar to
hand, the fast relaxation time was not altered. In spite the carbonyl carbons, on the other hand, the faster
of the drastic change of the relaxation time by heating, component TlF) was independent of temperature as
there was no significant change in the ratios of peak same as methyl carbons. From the result of quater-
intensity, 17/(1S + IF) and1S/(1S + IF). nary carbons, different fractions having slower and
Fig. 7 shows the change in relaxation time of each fasterT; would be existed in AG-041R, suggesting
carbon of AG-041R as a function of temperature. the inhomogeneiety of the amorphous state.
The difference of relaxation time between at°@D Fig. 8 shows the relaxation time of individual ben-
and at each temperature AT1: T1 (60°C) — T (any zene ring carbons as a function of temperature. The
temperature)) was plotted against temperature. Therelaxation curve of each carbon was not fitted in two
significant change in the relaxation time due to the components but one component equation, and the
benzene ring was observed at°@ suggesting the  value was constant from 60 to 8C and from 100
molecular mobility was changed at thig of AG- to 110°C, respectively. This finding was in accord
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suggesting there would be two components having

Fig. 8. Change in the relaxation time of each carbon of benzene high and low molecular mobility. Since AG-041R
ring as a function of temperature. has two large side chains, (4-methylphenyl)ureide
and (4-methylphenyl)aminocarbonyl methyl, the
with the Ty data obtained by DSC. The benzene rings molecule might interact in different way. The mo-
are main skeleton structure and may interact with bility difference in AG-041R would be caused by
one another by van der Waals force, therefore, it was the difference in molecular interaction; inter- or in-
considered to be predominantly involved in glass tran- tramolecular hydrogen bonding between the side
sition of AG-041R. Consequently, the measurement chains. TheT; of the slower componemTf) grad-
of Ty by solid-state NMR is helpful to evaluate the ually decrease depending on temperature. However,
Ty of amorphous pharmaceuticals precisely. the faster componemff ) was not changed through-
There are several kinds of carbons that showed out the relaxation measurement, and the ratio of two
two relaxation components, suggesting fast and components was independent of the experimental
slow relaxation processes. As shown kig. 9 and temperature. C3 bonded with (4-methylphenyl)ureide
Table 1, drastic change offy at temperature offy and (4-methylphenyl)aminocarbonyl methyl having
was not observed in quaternary carbon C3. More- the interaction between these two side chains, there
over T; of C3 consists of two components, resulting would be some way of the interaction, and hence this
the existence of two relaxation processes, fast and carbon was considered to be in different molecular
slow components. This fact means the heterogeneity states. The constant ratio of heterogeneity suggested
in the molecular mobility is existed in AG-041R, that the interaction of inter/intramolecule might not
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Fig. 10. The relaxation behavior of acetal group (C11, 12) as a function of temperature.
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change, and the hydrogen bonding would be strong 40
and effective enough to keep AG-041R amorphous 35 F O C21, 29(benzen ring)
even in the supercooled liquid. 30 | ® C13(acetal)
Fig. 10 shows the temperature dependency on the »s |
relaxation time of acetal groups, C11 and 12, of AG- 3
041R. These carbons showed two relaxation compo- i: 201
nents belowTy, showing the heterogeneity like the 5 o
quaternary carbon, but the slower part of relaxation 10} w
was diminished abov&y and only the faster part of 51
relaxation was observed. The mobility of acetal group & o © s

0 L . . . . .

might be restricted belowy, and then significantly o 6 70 80 9 100 110 120

increased abovéy due to the medium size of func-
tional group. This suggests that the molecular mobil-
ity of acetal group became faster and this functional Fig. 11. The relaxation behavior of methyl group (C13, 21, 29)
group was changed to homogeneous state in super-as a function of temperature.

cooled liquid state.

Fig. 11 shows the molecular mobility of methyl C13 was high even below thg, and independent of
group, C13, 21, and 29, as a function of temperature. temperature. The methyl carbons C21 and 29 bonded
Here, all were determined as a single component. The with benzene rings might be slightly restrict their mo-
T1 of C13 was small and completely independent of bility.
the temperature. Th€; of C21 and 29 was slightly Fig. 12 shows the relaxation time change of three
long and dependent on the temperature, however, ob-carbonyl carbons, C2, 15, and 23, as a function of
served value was not drastically changedigt The temperature. Th&; of each carbonyl carbon was only
C13 of acetal carbon is a terminal of two branches gradually decreased depending on temperature, more-
of ethoxy group and might be flexible because each over, no drastic change @f occurred affy. The curve
branch does not interact with each other or in the vicin- fitting analysis of these carbons, however, was done as
ity of another molecules. Therefore, the mobility of not two components but one, so it was considered to
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Fig. 12. Change in the relaxation time of three carbonyl carbons (C2, 15, 23) as a function of tempedeta5( @) C23, O) C2.
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Table 2
Molecular mobility, number of carbon, and inhomogeneiety of each functional group of AG-041R
Functional group Mobility Number of carbon Inhomogeneiety

Below Ty Above Ty

Methyl, C13, 21, 29 High High 4 No
Methylene, C10, 22 High/low High 2 Yes
Acetal, C11, 12 High/low High 3 Yes
Benzene ring, C4-9, 17-20, 25-28 Low High 18 No
Quaternary, C3 High/low High/low 1 Yes
Carbonyl, C2, 15, 23 Low Low 3 No

have homogeneity. Since the extent of the change in there was no significant change-eAT; was observed

the relaxation time{ AT;) of each carbons was in the
order of C15> C23 > C2, the molecular constraint
of the functional group including C2 was stronger than
that including C15, and hence the intensity of hydro-
gen bonding of C2 would be stronger than that of C15.
As described in previous section, the intramolecular

hydrogen bonding was formed between N14, H, and

C23=0, and the intermolecular hydrogen bonding was
formed between N16, 24, H, and C2 3. Moreover,

at Tg, consequently, the hydrogen bonding might be
effective even abov&g. The inter- and intramolecular
interaction was considered to retain even in a super-
cooled liquid state due to hydrogen bonding, there-
fore, this molecule might be stable in the supercooled
liquid.

As described above, thEy observed by DSC was
the temperature that benzene ring carbons start to
move, and other carbons have no drastic tempera-

the hydrogen bonding with N24 was stronger than that ture dependency afgy. Thus, from the view point

with N14, suggesting the N24 would be bound to C2
and N16 would be bound to C15. As showrFig. 12
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the molecular mobility, number of carbon, and inho-
mogeneiety of each functional group of AG-041R.
There were different groups of carbon in terms of
temperature dependency ®f; one is a type, such

as the methyl carbons. The molecular mobility of

A. Koga et al./International Journal of Pharmaceutics 275 (2004) 73—-83

perature range arouriy. In order to understand the
true molecular mobility, it is important to investigate
the microscopic mobility, because tfig observed by
DSC would prove to be only macroscoplg, that

is, a summation of the relaxation behavior of whole

methyl carbon was high beloily and homogeneous,  structure.

suggesting no contribution to the macroscopic glass The inter- and intramolecular interaction were
transition phenomena observed by DSC. Methylene confirmed by spectroscopic analysis, therefore, the
and acetal carbons showed the inhomegeneity at themolecular mobility of AG-041R was restricted even
temperature belowy, however, the homogeneity was at supercooled liquid state. The interaction might be
achieved abov@y affecting some extent to mobility — caused between functional groups because of larger
change afl4 for the carbons belong to benzene ring, molecular size. The larger molecule would be hetero-
the molecular mobility was drastically changed at geneous structurally and i may show some tem-
Tg. The number of carbons of this group was almost perature distribution depending on the microscopic
60% of whole molecule, suggesting the predominant structure. TheTy is considered from the aspect of
effect to the macroscopity. On the other hand, the  molecular mobility; overall structure of the molecule
guaternary and carbonyl carbons showed low molec- does not increase its mobility drastically @ as

ular mobility aboveTy. These carbons would not do some other groups present in the structure. NMR
contribute to the macroscopity of AG-041R, but method would be useful and helpful to investigate
this group would be important for the stabilization the physicochemical stability of amorphous pharma-
of amorphous state resulting from the existence of ceuticals, which will be developed increasingly in
hydrogen bondingskig. 13 shows schematic repre- future.

sentation of the molecular mobility of carbons below

and above glass transition temperature. The structure
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