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Summary  

The diuretic frusemide has been reported to occur only in one crystal form (frusemide I). This work details the production and 
initial characterisation of a second crystal form (frusemide II). The formation of frusemide II was shown to be solvent dependent, 
being recrystallised by a solvent-evaporation process from methanol or ethanol and inhibited by the addition of water (5% v/v level). 
X-Ray powder diffraction patterns indicated differences in the crystal packing of the two forms whilst analysis of DSC thermograms 
defined changes in the melting/degradation event and a small endotherm, occurring only in frusemide I, 81°C below the melting 
endotherm. Infrared (IR) spectral changes included marked shifts corresponding to the sulphonamide N-H and S=O stretching 
vibrations suggesting the presence of an altered hydrogen bonding sequence in the frusemide II crystal. Solid state 13C-CP/MAS 
analyses of frusemide 1 and II revealed marked differences in the chemical environments of specific carbon atoms reflecting a change 
in molecular conformation. In addition, a two component Tlo relaxation time indicated domains within the frusemide II crystalline 
form possessing differing degrees of order or rigidity. The physicochemical consequences of the solid state changes in frusemide II 
include a 63% increase in aqueous equilibrium solubility and a 58% increase in the dissolution rate from constant surface area discs, 
relative to frusemide I. 

Introduction 

The solid s ta te  s t ructure  and  phys icochemica l  
p roper t i e s  of  a subs tance  are d e p e n d e n t  on  the 
crys ta l  form. W h e n  several  molecu la r  a r range-  
ments  are poss ib le  and the crys ta l  fo rm is a l te red  
p o l y m o r p h i s m  is said to exist. Ha l eb l i an  and  Mc-  
Crone  (1969) conc lude  that  a lmos t  every organic  
mate r ia l  can  exist  in d i f ferent  p o l y m o r p h i c  states.  
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The  choice of  a su i tab le  d rug  p o l y m o r p h  can 
a f f e c t  t he  s t a b i l i t y  a n d  e f f e c t i v e n e s s  of  
p h a r m a c e u t i c a l  fo rmula t ions  (e.g. phys ica l  s tabi l -  
ity, chemical  s tabi l i ty ,  d issolut ion,  so lubi l i ty  and 
cl inical  response) .  Several  de ta i led  reference works  
exist  desc r ib ing  the charac te r i sa t ion  of  drug  po ly-  
m o r p h s  (Cars tensen,  1973; Burger  and  Ram-  
berger ,  1979a, b; York,  1983). 

M a n y  techniques  are  avai lable  to the phar -  
maceut ica l  scient is t  to m o n i t o r  and  assess poly-  
m o r p h i s m  inc lud ing  X- ray  d i f f rac t ion  (Chrzanow-  
ski et al., 1984), the rmal  analysis  (DSC,  D T A  
T G A )  ( M i y a t a  et al., 1985), in f ra red  spec t roscopy  
( IR)  (Sekiguchi  et al., 1980), opt ica l  mic roscopy  
with  po la r i zed  light,  e lec t ron  microscopy,  d i l a tom-  
etry,  R a m a n  spec t roscopy  (Bellows and  Chen,  
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1977; Bolton and Prasad, 1981), density (Burger 
and Ramberger, 1981), and the recent high resolu- 
tion solid state nuclear magnetic resonance 
(SSNMR) (Ripmeester, 1980; Flippen-Anderson 
et al., 1983; Byrn et al., 1985). The improvement 
in the resolution of SSNMR spectra obtained by 
proton decoupling, cross-polarisation (CP) and 
magic angle spinning (MAS) now enable more 
specific information to be gained concerning 
molecular conformations and interactions in 
powder samples. 

N MR  relaxation studies can also provide useful 
information on molecular motion in the solid state. 
Homogeneous pure-phase systems will exhibit a 
single magnetisation exponential decay while sys- 
tems that display heterogeneity, e.g. samples that 
contain crystalline and non-crystalline domains, 
may exhibit more than one relaxation time con- 
stant (Fyfe, 1983). The proton relaxation time 
constants measured in this work, T a and Tap, 
reflect spin lattice relaxation processes occurring 
in the MHz and kHz frequency ranges, respec- 
tively. 

The drug examined in this work, frusemide, is a 
commonly prescribed diuretic agent. Frusemide is 
not reported to exhibit polymorphism and the 
single crystal X-ray structure has been determined 
(Lamotte et al., 1978). The synthesis and prepara- 
tion of frusemide is the subject of a number of 
patents. In the context of the current work the 
final recrystallising solvent is of interest. In a 
British patent (Christensen, 1969) 70% ethanol 
was used, in an American patent (Yellin et al., 
1973) 95% ethanol, and in a German patent 
(Christensen, 1967) "ethanol"  was specified. 
Ethanol-water  mixtures are assumed to be im- 
plied in the British and American patents. 

The current work examines the solid state char- 
acteristics of frusemide samples recrystallised from 
a series of n-alcohols containing different levels of 
added water, with the aim of examining changes 
in hydrogen bond interaction and molecular con- 
formation. 

Materials and Methods 

Frusemide BP (C12H11ClN205S; 
fur fury l -5-su lphamoyl-anthrani l ic  

4-chloro-N- 
acid, also 

termed furosemide) (lot 309277) was obtained from 
APS Pharmaceuticals, Cleckheaton, U.K., fruse- 
mide standard from Hoechst Pharmaceuticals, 
U.K. (lot 170C879) and frusemide USP reference 
material from USPC, Rockville, U.S.A. Methanol 
(HPLC grade, Rathburn Chemicals, Scotland), 
ethanol (99.86% minimum, James Burrough, 
London) and n-propanol (>  99%, BDH, Poole) 
were used as recrystallisation solvents. All water 
used was double-distilled and deionised. All other 
reagents were of Analar grade unless stated. 

Thermal analysis 
Differential scanning calorimetry (DSC) ther- 

mograms were acquired using a Dupont  910 DSC 
and 1090 thermal analyser, calibrated with indium 
metal (99.9% purity, Dupont,  melting point 
156.6 ° C, enthalpy of fusion 28.44 J /g) .  Samples 
(6-7 mg) were scanned at a rate of 10 ° C/ ra in  at 
least in duplicate (40-270 o C). Thermogravimetric 
analysis (TGA) utilised a Dupont  951 TGA unit, 
10-20 mg sample size and a scan speed of 
10 o C / m i n  (40-270 o C). 

X-Ray powder diffraction 
X-Ray powder diffraction (XPD) data were 

collected using a Philips PW 1200/00 generator 
(20 mA, 30 kV with copper-potassium-a radiation). 
Samples were scanned between 4-40 ° 20 at a 
speed of 2 ° 20/min .  

Hot stage microscopy 
Physical changes in the samples on heating 

were monitored by hot stage microscopy (HSM) 
with a Stanton Redcroft Hot Stage Unit and 
Universal Temperature Programmer, heated at a 
controlled rate of 10 o C/min .  

Infrared spectroscopy 
Dispersive infrared (IR) analyses utilising 

potassium bromide discs, mineral oil mulls and 
rock salt solution cells (0.1 mm path length), in- 
volved multiscanning with a Perkin Elmer PE681 
spectrometer. Variable temperature Fourier Trans- 
form infrared (VT-FTIR) spectra were recorded 
on a Mattson Sirius 100 spectrometer (2 cm -1 
resolution), the samples being mounted in a Specac 
21000 variable temperature cell. VT-FTIR spectra 
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were obtained in the following sequence; ambient 
temperature, 120 ° C, 150 ° C, and again at 120 ° C 
during cooling. This sequence allowed correlations 
to be made between DSC and IR data on heating 
the frusemide samples. 

N M R  spectroscopy 
Solution aH-NMR spectra were obtained at 250 

MHz (Bruker Cryospec WM 250) from Fourier 
Transformations of 200 scans at 298K. An 80% 
v / v  acetonitrile (99.5%D, Nuclear Magnetic Reso- 
nance, Bucks, U.K.): 20% v / v  dimethylsulphoxide 
(99.8%D, CEA, France) co-solvent was used. Te- 
tramethylsilane (TMS) was included as a refer- 
ence. [13C]Solution spectra were obtained on the 
same spectrometer using a 5 mm dual probe 
(aH/13C) at 62.89 MHz. Deuterated acetonitrile 
(CD3CN) was used as a model non-polar solvent 
for frusemide at a concentration of 0.018 M. 

a3C-solid state N M R  spectra were obtained on 
a home-built double-resonance spectrometer (UEA 
200, University of East Anglia, U.K., details of 
which can be found in Kenwright, 1986), utilising 
an Oxford Instruments superconducting magnet at 
4.7 Tesla (a3C = 50.29 MHz). Spectrometer oper- 
ation was controlled by custom-written software 
using a Nicolet NIC 1180 computer. Spectra were 
observed using magic angle spinning, cross- 
polarisation and proton-decoupling procedures. 
Solid state proton relaxation times (Ta-spin lattice 
and Tap-spin lattice relaxation in the rotating 
frame) were obtained on a Magnion single chan- 
nel, high power, pulse spectrometer. 

H P L C  assay 
The frusemide content  in the recrystallised 

samples was determined by HPLC using a Pye 
Unicam LC-XPD pump, a column packed with 
partisil 10/~m-ODS, a Pye Unicam LC-UV detec- 
tor (272 nm), a mobile phase consisting of 35% 
v / v  acetonitrile: 65% v / v  orthophosphoric acid 
(0.0157 M) and a frusemide injection concentra- 
tion of 8 mg/100 ml. Frusemide was well sep- 
arated from the primary degradation product 2- 
amino-4-chloro-5-sulphamoyl anthranilic acid 
(saluamine). Estimation of the saluamine content 
was achieved using the same experimental condi- 
tions and injecting at a frusemide concentration of 

50 mg/100 ml. Linear calibration curves were 
determined for each chemical entity. 

Water content 
The water content of the samples was analysed 

by gas liquid chromatography (GLC). 200 mg of 
each sample was dissolved in 2 ml of Karl Fisher 
grade methanol containing 10% v / v  triethylamine 
and injected in duplicate onto a Porapak-Q col- 
umn at 9 0 ° C  with an injection port temperature 
of 100°C and thermal conductivity detector at 
200 ° C. 

Equilibrium dissolution 
Dissolution studies involved a discriminating 

constant surface area disc method (Doherty and 
York, 1987a) with a pH 4.95 sodium acetate-acetic 
acid buffer as the dissolution medium. Frusemide 
dissolution at 37°C was monitored by an auto- 
mated diode array spectrophotometer (272 nm) 
(Hewlett Packard HP8451A) for 60 min, each 
sample at least in duplicate. A diffusion-con- 
trolled dissolution process was assumed and the 
Noyes-Whitney equation applied with sink condi- 
tions prevailing; 

d m / d t  = k .  A • S 

where the measured dissolution rate, d m / d t ,  is 
calculated from the slope of the linear mass-dis- 
solved/ t ime plot (units of /ag-min 1), k is the 
intrinsic dissolution rate constant, A is the surface 
area of the solid or the area of the diffusion layer 
and S is the concentration of solute at the sol id /  
liquid interface. 

Production of samples 
A solvent evaporation-recrystallisation process 

was used, with methanol, ethanol and n-propanol 
as the recrystallising solvents. A study was made 
of the solid state effects of adding water (5-20% 
v /v )  to the recrystallising solvents. 2 g of 'as 
received' frusemide was dissolved in 400 ml of the 
solvent or water co-solvent at 6 0 ° C  and 
evaporated to dryness in a vacuum oven (Gallen- 
kamp OVL570, 60°C,  1.5 × 103 Pa). Recovered 
solids were ground, sieved (90-250 /~m fraction 
retained) and stored over molecular seive 5A for 
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48 h to complete the drying process. The size 
reduction process was not found to affect the 
crystal form. 

It was found that a new crystal form of the 
drug (termed frusemide II) was recrystallised from 
methanol and ethanol while the addition of water 
(5-20% v /v )  to these solvents resulted in the 
production of the original crystal form. In ad- 
dition, it was found that the new crystal structure 
was formed preferentially during the initial drying 
period and located on the sides of the evaporating 
dish, while the original frusemide structure was 
formed in the bottom of the dish. During the 
initial drying period evaporation of solvent results 
in recrystallisation of frusemide at the edge of the 
dish and this is likely to involve a high rate of 
recrystallisation. Subsequently, as more solvent is 
removed, the drug will reach the solubility limit 
and recrystallise from solution. The difference in 
the kinetics of recrystallisation for these two situa- 
tions may account for the formation of differing 
frusemide crystal forms. In this work the original 
crystal form is termed frusemide I and samples 
that were recrystallised from methanol or ethanol 
and harvested from the sides of the evaporating 
dish are termed frusemide II. 

Results and Discussion 

Differential scanning calorimetry (DSC) 
The DSC thermograms for untreated fruse- 

mide, frusemide standard and reference materials 
show two endotherms (Fig. 1). The first endo- 
therm was present in the range 136-139°C and 
was not followed by any exothermic event. The 
melting endotherm, accompanied by degradation, 
occurred in the range 2 t 7 - 2 2 2 ° C  (Table 1). This 
melting temperature is higher than that recorded 
by the capillary tube method for the same material 
(203-206°C).  Although the first endotherm has 
been shown to be present in a literature DTA 
thermogram (Shin, 1979), no information concern- 
ing the nature of the endothermic process is cur- 
rently available. 

DSC data for the frusemide samples recrystal- 
lised from each solvent system studied are shown 
in Table 1. Recrystallisation of frusemide from 
methanol resulted in a lowering of the degradation 
temperature, preventing melting before degrada- 
tion. The first endotherm was not found in 
frusemide samples produced from methanol or 
ethanol, but was present in samples recrystallised 
from propanol and all water co-solvent mixtures. 
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Fig. 1. DSC thermograms of untreated frusemide samples to show the melting endotherm and degradation exotherm (a) and an 
expanded plot to show the first endotherm (b) for commercial frusemide (A), standard frusemide (B) and reference frusemide (C). 



145 

T A B L E  1 

DSC peak temperatures for the first endotherm, melting endotherm and degradation exotherm in untreated and recrystallised frusemide 
thermograms 

Figures  represent  the range  of the data.  

Recrys ta l l i s ing  No.  of Tempera tu r e  ( o C) 

s o l v e n t / s a m p l e  runs  Fi rs t  Me l t i ng  Deg rada t i on  

e n d o t h e r m  e n d o t h e r m  exo the rm 

Untreated group 
Frusemide  BP 17 137-139  217-222  219-227  

S tandard  f rusemide  3 137-139  216-221  221 -227  

Reference  f rusemide  2 137 219 -220  221-224  

Recrystallised group 
M e t h a n o l  * 7 N D  N D  210-216  

95 : 5 me thano l  : water  8 136-139  207-212  213 -220  

90 : 10 me thano l  : water  4 135-137  208-211 212-217  

80 : 20 me thano l  : wa te r  6 136-139  210 -213  215 -220  

E thano l  * 6 N D  210 -216  214-222  

95 : 5 e thanol  : water  2 136-137  213-215  218 -224  

n-Propanol  4 134-137  215 - 216 219-225  
95 : 5 n -propano l  : water  2 136 213 217-218  

N D  = not  detect ible .  
* Harves ted  f rom the side of the dish. 

Addition of water to the solvent also resulted in a 
small increase in the degradation exotherm tem- 
perature allowing, for example, melting to occur 
before degradation in the frusemide sample re- 
crystallised from 95% methanol :5% water. These 
changes indicate the water level in the recrystalli- 
sation medium can influence the resulting crystal 
form, and by the observed changes on the de- 
gradation temperature, the lattice stability to a 
thermal stress. 

The effect of changes in the solvent composi- 
tion on the first DSC endotherm observed in 
frusemide I thermograms was quite marked and 
attempts were made to define the endothermic 
process that occurred over the 136 -139°C  range. 
The endotherm was found to be reversible by 
re-heating a frusemide I sample that had been 
previously heated past the first endotherm temper- 
ature but to below the melting point, and then 
cooled. The area of the endotherm was not found 
to be altered (first run A H  = 2.2 k J /mo l ,  reheat 
A H =  2.1 kJ /mol ) .  In a similar way, reheating a 
cooled frusemide I I  sample did not result in any 
change in the thermogram. This would suggest 

that the two crystal forms are not interchangeable 
on heating, within the limits of the experiment. 

In a study of the polymorphic forms of 
bromodiethylacetylurea (Doi et al., 1985), a com- 
parable solid-solid transition was shown to have 
an endothermic energy change of A H =  3.14 
k J / m o l  and this was attributed to the destruction 
of intermolecular hydrogen bonds, a change in 
molecular conformation and a reformation of an 
altered hydrogen bond network. This transition 
endotherm value is close to that observed in the 
DSC thermogram of frusemide I at 136-139°C.  
From this data one hypothesis is that a crystal 
re-packing occurs in frusemide I at 136-139°C.  
In frusemide samples not exhibiting the first endo- 
therm (e.g. frusemide II), the crystal form may 
possess a different molecular conformation or hy- 
drogen bonding sequence such that a disruption of 
the crystal packing does not occur. 

Hot stage microscopy (HSM) 
To further define the characteristics associated 

with the first endotherm in the frusemide I ther- 
mogram, samples of untreated and recrystallised 
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frusemide I (95% methanol:  5% water co-solvent) 
were heated to 150 o C. The crystals were seen to 
exhibit an abrupt physical change resulting in the 
break up of the crystals in the temperature range 

135-140 o C. This was seen in many repeated sam- 
ples, most  notably with thin needle-like crystals. 
No melting was seen within the crystals im- 
mediately prior to, or during, the change. This 
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Fig. 2. XPD spectra for untreated commercial frusemide (A) and frusemide samples recrystallised from methanol (B), ethanol (C) and 
n-propanol (D). 



physical change is an indicator of a solid state 
transformation, possibly involving an alteration in 
the crystal packing, corresponding to the DSC 
endotherm occurring at the same temperature. 

Thermogravimetric analysis ( TGA ) 
Untreated and recrystallised frusemide samples 

were examined by TGA using the procedure out- 
lined above. No weight loss was recorded in any 
sample until 206-220 °C corresponding to the de- 
composition on melting seen in DSC thermo- 
grams. The data indicate that the solid state 
changes observed for frusemide II cannot be at- 
tributed to solvate formation. In addition, no 
weight loss was seen in the range 136-139°C 
indicating that the endothermic event occurring at 
this temperature, observed in the frusemide I DSC 
thermogram, is not associated with any detectible 
weight loss. 

X-ray powder diffraction (XPD) 
XPD spectra were obtained for all frusemide 

samples for diffraction angles in the range 4-40 o 
20. The data for untreated and standard fruse- 
mide samples correlated with published XPD 
spectra for frusemide (DeCamp, 1984). The XPD 
spectra of samples recrystallised from methanol, 
ethanol or propanol differed significantly from 
that of the untreated frusemide (Fig. 2) with new 
diffraction lines being shown and alterations in 
the relative peak heights of other peaks. Adding 
water (5-20% v/v) to each recrystallising solvent 
resulted in samples displaying the original fruse- 
mide XPD spectrum, with only small differences 
in relative peak height. These minor effects may 
result from changes in crystal morphology and 
preferred orientation characteristics. The XPD 
changes observed for methanol and ethanol re- 
crystallised samples, although not identical, dis- 
played similar patterns while the propanol recrys- 
tallised frusemide sample exhibited another pat- 
tern. 

The altered XPD patterns reflect a change in 
crystal packing and structure when frusemide is 
recrystallised from the solvents without added 
water, correlating with changes seen in DSC ther- 
mograms. The methanol and ethanol recrystallised 
samples were found to display similar DSC and 
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XPD characteristics reflecting basic similarities in 
their crystal forms. 

Infrared (IR) 
The KBr disc spectrum of frusemide I agreed 

with reported spectra (Clark, 1969) and corre- 
sponds to the molecular structure shown in Scheme 
1: 

c&£'~o "s°2N"2 
12 

Scheme I. Frusemide (4-ch|oro-N-furfu~|-5-sulphamoy]- 
anthrardlic acid). 

Frusemide ! mull and KBr disc spectra were 
identical and a spectral assignment of principal 
functional group vibrations was made using spec- 
tra of similar structures (Pouchert, 1970). Disper- 
sive ]R spectra for frusemide samples recrystal- 
lised from methanol and ethanol (frusemide H) 
revealed pronounced shifts from the respective 
positions in the ffusemide I spectrum (Fig. 3). 
Propanol recrystallised samples exhibited IR spec- 
tra identical to those for frusemide |, indicating 
that the altered XPD spectra for these samples 
were not associated with changes at the molecular 
level. 

The addition of water to the methanol and 
ethanol solvents at the 5% v/v  level resulted in 
frusemide samples exhibiting characteristic 
frusemide I spectra (Table 2). An IR mull spec- 
trum of frusemide II agreed with the KBr disc 
spectrum indicating that the grinding and com- 
paction processes involved in the production of 
KBr discs did not invoke IR spectral changes. 

Solution IR spectra for frusemide I and II, 
utilising 1,4-dioxan as a solvent (0.033 M, 20 ° C), 
were identical, demonstrating that the observed 
KBr disc spectral changes correspond only to a 
change in solid state interactions for the two crystal 
forms and that solution conformations are 
equivalent. 

Many peaks in the frusemide II IR spectrum 
exhibited marked differences from the respective 
positions in the frusemide I spectrum. These were 
especially noticable in the 3200-3400 cm -1, 
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Fig. 3. Dispersive IR spectra (KBr disc) for untreated frusemide (A) and frusemide samples recrystallised from methanol (B), 
ethanol (C) and n-propanol (D). 

TABLE 2 

Dispersive IR spectral positions and suggested assignment for principal functional group vibrations in untreated and recrystallised 
frusemide samples 

Sample Wavenumber (cm-  1 ) 

N - H  N - H  N - H  C--O N - H  N - H  S=O S=O 
(S) a (S) b (S) a ( l )  (a) (ASY) (SYM) 

Untreated group 
Frusemide BP 3402 3354 3289 1674 1595 1567 1327 1145 
Standard frusemide 3402 3354 3288 1675 1595 1567 1326 1146 
Reference frusemide 3402 3354 3288 1675 1596 1566 1327 1146 

Recrystallised group 
Methanol NF  3351 3257 1673 1592 1563 1342 1174 
95 : 5 methanol:water 3403 3355 3289 1676 1597 1567 1328 1147 
Ethanol NF  3352 3257 1674 1593 1563 1342 1175 
95 : 5 ethanol:water 3402 3354 3289 1676 1597 1567 1327 1146 
n-Propanol 3403 3355 3290 1675 1596 1568 1326 1146 
95 : 5 n-propanol : water 3403 3355 3289 1676 1597 1567 1328 1146 

ASY = asymmetric S--O stretch; B = N - H  bending vibration; NF  
symmetric S=O stretch. 
a Sulphonamide N - H  vibration. 
b Secondary amine N - H  vibration. 

= not found in spectrum; S = N - H  stretch vibration; SYM = 



1145-1350 cm -1 and 600-1000 cm -1 regions. 
Using the spectral assignment, the major shifts 
can be related to changes occurring in specific 
areas of the frusemide molecule and molecular 
conformation. In the 3200-3400 cm -~ region the 
secondary amine N - H  stretching vibration is un- 
altered (3352 cm-1).  This would concur with pub- 
lished single crystal X-ray data for frusemide I 
(Lamotte et al., 1978) which demonstrated that 
the secondary amine proton was intramolecularly 
bonded to the adjacent carbonyl group, described 
and supported by proton NMR data in a previous 
report (Doherty and York, 1987b). An IR spec- 
trum corresponding to the published crystal struc- 
ture was provided (Dupont, 1985) and agreed with 
the frusemide I spectrum reported in this work. In 
frusemide II the intramolecular hydrogen bond 
remains and the carbonyl vibration is seen at 1674 
cm - I  supporting this hypothesis. The two 
sulphonamide N - H  stretching vibrations are 
shifted to lower wave number positions, the peak 
originally at 3402 cm -1 in the frusemide I spec- 
trum being obscured by the secondary amine peak 
in frusemide II. The changes observed for the 
sulphonamide N - H  stretching vibrations are also 
reflected in the S=O vibrations at 1145 cm -1 
(symmetric stretch) and 1327 cm -~ (asymmetric 
stretch). These vibrations were found to shift by 
29 and 15 cm -~, respectively, to higher wave 
numbers. No significant changes in N - H  bending 
vibrations were observed in any spectra. 

The frusemide I crystal unit cell was shown to 
possess an intermolecular hydrogen bond network 
involving the sulphonamide groups (Doherty and 
York, 1987b). IR data for the frusemide II crystal- 
line form revealed a change in the vibrations 
associated with the sulphonamide group and this 
suggests that there is an alteration in the hydrogen 
bond sequence within the crystal. This may result 
from a change in molecular conformation and 
crystal packing. 

It may be suggested that the first endotherm 
seen in the DSC thermogram of frusemide I is a 
solid-solid transition for the transformation of 
frusemide I to frusemide II. Such a transition 
would result in marked IR changes above the 
temperature of the endotherm. To examine this 
hypothesis a variable temperature FTIR (VT- 
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FTIR) study was conducted, spectra being re- 
corded in the sequence; ambient temperature, 
120°C, 150°C and 120°C during cooling. The 
final spectra at 120 °C was incorporated in order 
to assess the reversibility of any changes resulting 
from heating past the temperature at which the 
first DSC endotherm occurs. A similar study was 
made of frusemide II for comparison. 

Examination of the VT-FTIR spectra for 
frusemide I (Fig. 4A) revealed no significant shifts 
in the positions of the principal functional group 
vibrations. The endothermic process observed in 
the DSC thermogram of frusemide I is therefore 
not reflecting a frusemide I-frusemide II transfor- 
mation. The proposed interpretation of the endo- 
thermic process at 136-139°C in frusemide I is a 
subtle change in molecular conformation and 
crystal packing. The VT-FTIR spectrum recorded 
above the first endotherm temperature in fruse- 
mide I suggests that the hydrogen bonding se- 
quence is of a similar nature to that below the 
endotherm temperature. 

The VT-FTIR spectra of frusemide II (Fig. 4B) 
show no significant changes in the positions of the 
principal functional group vibrations on heating 
to 150°C. Several minor effects were observed 
and these included an increase in the intensity of a 
small peak at 3407 cm-1 and a change in the peak 
splitting patterns below 1150 cm-1. The frusemide 
II IR shifts observed at room temperature were 
still apparent after heating to 150°C indicating 
the thermal stability of frusemide II under the test 
conditions. 

The data suggest that frusemide I and II are 
discrete crystal structures of frusemide and that 
they do not transform on heating to 150 ° C, within 
the experimental conditions examined. 

Nuclear magnetic resonance (NMR) 
The lH-sohition N M R  spectra of frusemide I 

and II in an 80:20% v / v  acetonitrile:dimethyl- 
sulphoxide solvent were identical. This confirms 
the observation from IR spectra that the two 
samples exhibit equivalent conformations in solu- 
tion and that only one chemical species is present. 

The 13C-CP/MAS solid state N M R  spectra of 
frusemide I and II (Fig. 5) show significant chem- 
ical shift differences for specific carbon atoms 
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Fig. 4. Variable temperature FTIR spectra for frusemide I (a) and frusemide II (b) recorded in the sequence: (A) ambient  
temperature, (B) 120 o C, (C) 150 ° C  and (D) 120 ° C  on cooling. 

(Table 2). In some cases a peak could not be 
accurately assigned and therefore two possible 
peaks are given for these carbons in the Table 3. 
The data for frusemide II  indicate a splitting of 
the carbonyl carbon resonance, Ca2, and also that 
of C 1 in the furan ring. This splitting pattern is 
indicative of two chemical environments produc- 
ing differing levels of deshielding. The presence of 
two dissimilar molecular conformations or asym- 
metric units in the frusemide II  unit cell may 
account for these patterns. 

One of the peaks assigned to either C v or C10 
(in the benzene ring) has shifted considerably from 
the position of 116.6 p p m  in frusemide I. There is 
a peak at 51.0 p p m  in frusemide II  which is very 
close to the solution chemical shift for methanol. 

However, no evidence was found to indicate the 
presence of methanol in the solution spectrum and 
this peak could also represent a spinning side 
band. The observed shifts in the frusemide II 
spectrum involve marked changes in the chemical 
environments of C 1, C 7 or C]0 and Cl2 and to a 
lesser extent C 5 and C 8. In addition several peak 
intensity differences are evident between the spec- 
tra of frusemide I and II, notably for C 6, C 9, C1] 
and C~2. The peak intensity is related to the 
relaxation characteristics of the atom and, in the 
case of 13C-nuclei, the principal mechanism is 
spin-spin  relaxation (T2). The spectra indicate 
that the T 2 relaxation time constant is markedly 
longer for several of the carbon atoms in fruse- 
mide II. 



E 
O 

E 
tn 
t- 
O 

b-- 

Fig. 4 (continued). 

D 

C 

(B) 

i ~ I 91 I i I i I ! I I 
3535 2 18 2301 1684 1067 450 

WQveNumber (cm -1 ) 

151 

The 13C-SSNMR data suggest a change in the 
molecular conformation of the frusemide molecule 
in the crystal form II. This may be associated with 
an altered hydrogen bonding sequence and a dif- 
ferent crystal packing arrangement, concurring 
with IR and XPD data. 

The comparison of the ]3C-chemical shifts for 
frusemide in solution and solid states is shown in 
Table 3. Both frusernide I and II solid state spec- 
tra exhibit marked shifts from the relative position 
in the solution spectrum, with both upfield and 
downfield shifts evident. These chemical shift 
changes are of a similar order of magnitude to 
those reported to occur between the solution and 
solid state a3C-spectra of glyburide where confor- 
mation changes are inferred (Byrn et al., 1986). 
The data suggest that the solution conformation 
of frusemide is different from that present in 

either of the two solid state crystal forms when 
employing a relatively non-polar solvent. 

Analysis of the solid state proton relaxation 
times T 1 and Tap also reveal differences between 
frusemide I and II (Table 4). The Tl values, 
reflecting relaxation in the MHz range, are quite 
similar for the two crystal forms. However values 
for relaxation in the kHz range, T]o, differ and the 
frusemide II sample can be described as a two- 
component system. The shorter Tlo in frusemide 
II is attributed to a more mobile, less ordered 
phase present within a more highly ordered and 
rigid system, possibly resulting from a partial or 
regional disruption of the crystal lattice. The Tip 
value for frusemide I represents a more uniformly 
rigid system and this correlates with the crystalline 
material seen in the XPD spectrum. Short Tip 
values are often seen in relaxation studies of 
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Fig. 5. 13C-CP/MAS solid state NMR spectra for frusemide I (A) and fmsemide II (B) at ambient temperature. The peaks marked 
with a star are due to the delrin rotor base. Numbered peaks refer to the carbon assignments in Table 3. 

semi-crystalline and amorphous polymers and de- 
scribe the highly mobile elements (Havens and 
Koenig, 1983). 

Chemical analyses 
Analysis of the main chemical component in 

the frusemide samples by HPLC revealed no dis- 

cernible purity difference between any sample or 
crystal form (> 99% w / w  purity). Analysis of the 
primary degradation product saluamine by HPLC 
also revealed no significant difference between 
untreated and recrystaUised frusemide samples 
(0.06-0.08% w / w  saluamine content). 

The water content of untreated and rec~Ystal- 



TABLE 3 

Comparison of 13C-solution chemical shifts for frusemide in de- 
uterated acetonitrile (CD3CN, 0.018 M, ambient temperature) 
and ~3C-CP/MAS solid state shifts for frusemide I and II, with 
suggested assignments 

All chemical shifts are relative to tetramethylsilane and num- 
bered carbons refer to the structure in Scheme 1. 

Carbon 13 C-chemical shift (ppm) 

number Solution Solid state Shift difference a 

(CD3CN) I II I II 

1 143.69 143.4 145.5, 0.29 - 1.81/ 
146.6 -2 .91 

2 or 3 108.63 105.0 105.3 3.63 3.33 
3 or 2 111.57 109.7 111.0 1.87 0.57 
4 137.85 140.8 140.8 -2 .95 -2 .95  
5 40.64 36.3 39.8 4.34 0.84 
6 152.35 149.6 150.5 2.75 1.85 
7 or 10 114.72 116.6 - -1 .88  - 
8 127.06 125.5 127.3 1.56 -0 .24  
9 154.29 152.6 152.5 1.69 1.79 

10 or 7 135.07 134.6 133.6 0.47 1.47 
11 109.16 108.3 108.6 0.86 0.56 
12 169.14 171.3 171.2, -2 .16  - 2 . 0 6 /  

172.7 -3 .56  

a The difference between solution-solid state chemical shift 
data. 

lised frusemide samples was analysed by GLC. 
Samples of frusemide I and II were found to 
contain equivalent amounts of water (0.1-0.2% 
w/w water). The data suggest that it is not the 
total amount of water taken up by the crystals 
that is the critical factor in the formation of 
frusemide II. Moreover, the distribution of the 
water within the crystals or a specific drug-solvent 
interaction may be postulated to be the important 
factors. 

TABLE 4 

Proton relaxation data (T 1 and I"1o ) for frusemide I and H in the 
solid state 

Proton relaxation time Frusemide I Frusemide II 

T a (s) 2.7 2.3 

Tip (ms) 73 128 (80% population) 
28 (20% population) 
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The results of  the chemical analyses gave no 
indication of  increased levels of  impurity or water 
content in frusemide samples recrystallised as 
frusemide II. These data suggest that the observed 
solid state changes in the frusemide II crystal are 
unlikely to be a result of  differing levels of  trace 
impurity. 

Equilibrium solubility 
Equilibrium solubility measurements in pH 4.95 

sodium acetate-acetic acid buffer (37 ° C) revealed 
frusemide II (methanol recrystallisation) to have a 
significantly higher solubility (57.13 mg/100 ml) 
than the untreated frusemide sample (35.17 
mg/100 ml). The addition of water (5-20% v/v) 
to the methanol solvent resulted in samples having 
solubilities equivalent to the original material 
(35.12-35.35 mg/100 ml). The higher aqueous 
solubility of frusemide II reflects an increased 
crystal energy originating from the alteration of 
the solid state characteristics of the material. 

Frusemide is poorly soluble in acidic media and 
dissolution may therefore be solubility controlled. 
The demonstrated increased solubility for fruse- 
mide II may be relevant in vivo and consequently 
there is a pharmaceutical requirement to have a 
consistent and controlled crystal form. 
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Fig. 6. Representative dissolution profiles from constant surface 
area discs in pH 4.95 acetate buffer at 3 7 ° C  for untreated 
frusemide and recrystallised frusemide samples; recrystallisa- 
tion from ethanol (A) and methanol (B) harvested from the 
side of the evaporating dish, standard frusemide (C), methanol 
recrystallisation harvested from the bottom of the dish (D) and 

commercial frusemide sample (E). 
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Intrinsic dissolution 
Using the constant surface area dissolution ap- 

paratus, samples of frusemide I and II were tested 
in pH 4.95 sodium acetate-acetic acid buffer at 
37°C. The data (Fig. 6) show frusemide II to 
exhibit a linear release profile and a significantly 
higher dissolution rate (38.6 /zg-min -1) than the 
untreated frusemide (24.2 g g. min-1)  or standard 
frusemide (27.3 g g - m i n  -1) samples. The in- 
creased equilibrium solubility for frusemide II in 
the same medium readily explains the magnitude 
of the increased dissolution rate. Samples recrys- 
tallised from methanol in the presence of 5% v / v  
added water gave dissolution rates equivalent to 
the untreated material (25.7 g g . m i n - 1 ) ,  corre- 
lating well with equilibrium solubility data. 

The demonstration of an increased aqueous 
equilibrium solubility and dissolution rate from 
constant surface area discs for frusemide II, in 
comparison to frusemide I, is consistent with the 
formation of an energetically dissimilar crystal 
form. 

Conclusion 

The solid state analyses of frusemide samples 
produced by the solvent evaporation process de- 
fined a second, novel, frusemide crystal form 
(frusemide II) from a methanol or ethanol recrys- 
tallisation of frusemide I. The formation of 
frusemide II was dependent upon specific condi- 
tions and solvent composition. The presence of 
water disrupted the formation of frusemide II 
from methanol and ethanol-water  co-solvents. 

Frusemide II was differentiated from frusemide 
I by DSC and XPD. In particular an endotherm 
present 81°C below the melting endotherm of 
frusemide I was no t  found in the thermogram of 
frusemide II. A subtle change in molecular confor- 
mation and crystal packing has been proposed to 
account for the endothermic process. Differences 
in the hydrogen bonding sequence in each crystal- 
line form were indicated by IR data. Solid state 
13C-NMR spectra for the two crystal forms re- 
vealed marked differences in the chemical shift 
and peak splitting characteristics reflecting a 
change in the molecular conformat ion.  A 

two-component 7"1o relaxation profile for fruse- 
mide II indicated the presence of a more mobile 
element within a rigid phase while frusemide I, 
possessing only a single Tip relaxation time, was 
shown to be more uniformly ordered. 

The physicochemical consequences of the 
change in the crystal form of frusemide I to 
frusemide II include a 63% increase in equilibrium 
solubility and a 58% increase in the dissolution 
rate measured from constant surface area discs 
(pH 4.95 buffer). In the case of frusemide, a 
sparingly water-soluble drug, these effects may 
produce significant bioavailability changes. 
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