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Abstract 0 Thermal and kinetic data for the solid-state addition reaction of 
sulfacetamide and phthalic anhydride are presented. A compaction method 
was used so that the influence of some pharmaceutical parameters (com- 
pressional pressure, particle size, concentration, and temperature) on the 
reaction kinetics could be observed. 

Keyphrases 0 Sulfacetamide-solid-solid reaction with phthalic anhydride 
0 Phthalic anhydride-solid-solid reaction with sulfacetamidc 0 Solid-solid 
reactions-sulfacetamide and phthalic anhydride, thermal and kinetic 
analyses 

The stability of a medicinal compound in a solid dosage form 
is routinely investigated in terms of the percentage of the 
medicinal compound that is unchanged after exposure to 
various temperatures ( 1  -4). Although thermal decomposition 
is an important consideration in  the processing, testing, and 
storage of solid dosage forms, only a limited number of reports 
in the pharmaceutical literature have been concerned with the 
physicochemical mechanism and kinetics of solid-state reac- 
tions (5-13). In general, the chemistry of solids has been 
presented in several texts (14- 18). This study was initiated to 
present a simple model of a solid-state addition reaction so that 
some pharmaceutical factors (compressional pressure, con- 
centration, particle size, and temperature) could be viewed in 
relation to their influence on the reaction. 

EXPERIMENTAL SECTION 

Samples of sulfacetamide' and phthalic anhydrideZ were individually 
separated into a 100/140-mesh-size fraction by m a n s  of U.S. standard sieves 
and a shaker'. Blends of the sulfacetamide and phthalic anhydride were 
preparedat 2.1, I:l,and 1.2 molar ratiosand were passed througha 2Wmesh 
sieve. The thermal analytical d l ta  of the components and the blends were 
determined with a thermogravimetric analyzer4 and a differential thermal 
analyzers. Typical thermograms are given in  Figs. 1 and 2. 

For the study concerned with the effect of molar ratio on the reaction ki- 
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Figure 1-Thermogram of phthalic anhydride showing its sublimation 
characteristics. 
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netics of sulfacetamide and phthalic anhydride, compacts with molar ratios 
of 1 : I .  1:2. and 1.3 were used. An appropriate weight (400 mg) of a loo/ 
1 @mesh fraction of the blend was compressed for I min at a pressure of 3580 
kg/cm2 with an hydraulic press6 fitted with a 1.27-cm punch and die set. Each 
compact was sealed under nitrogen in  a glass vial and then immersed in a 
thermostated oil bath at  95 f 0.5"C. At a given time, the reaction was 
quenched by immersion of the vial in ice, and the compact was then assayed. 
The reaction was conducted in  triplicate. Typical data of the pcrccnt con- 
version of sulfacetamide to phthalylsulfacetamide are given in Table 1. 

For the study of the effect of particle siie on the reaction kinetics, sulfa- 
cetamide was recrystallized from distilled water and then dried in  a vacuum 
oven at 6OOC. The purity of the sulfacetamide, as analyzed by differential 
scanning calorimetry', was 99.63%. With sieves and a shaker, the sulface- 
tamide was classified into 40/45-, 45/60-, 60/89-, 80,'100-, and 100/140- 
mesh fractions. Blends with a 1:2 molar ratio of sulfacetamide and phthalic 
anhydride were prepared with phthalic anhydride of a 100 140-mesh fraction 
and the five sizes of sulfacetamide. An appropriate weight (2025 mg) of the 
blends was compressed for I min at  a pressure of 35 kg/cm2 with a hydraulic 
press fitted with a 2.857-cm punch and die set. Each compact, which corre- 
sponded to a specific particle size of sulfdcctamide, was manually divided 
diametrically into six parts with a razor blade. Thrce parts were assayed for 
initial content, and the other parts were used for the kinetic study at 95°C. 
The percent conversion of sulfacetamide to phthalylsulfacctamidc is  shown 
in  Table I I .  

For the study concerned with the effect of compressional pressure on re- 
action kinetics, a blend of an equimolar ratio of sulfacetamide and phthalic 
anhydride with a 100/140-mesh fraction was compressed for 1 rnin with il 
hydraulic press fitted with a 2.857-cm punch and die set at 35, 106.283.601, 
1003,2005,3580, and 5371 kg/cm2. The pcrcent conversion is shown in Tablc 
111. 

For the study concerned with the influence of temperature on the reaction 
kinetics, a blend of an equimolar ratio of sulfacetamide and phthalic anhydride 
with a lOO/ 140-mesh fraction &as compressed for I min in an hydraulic-press 
fitted with a 1.27-cm punch and die set at a pressure of 3580 kg/cm2. Each 
compact weighed 400 mg. The reaction was conducted at 85°C. 90OC. 95OC. 
I00"C. 105°C. and I 10°C. Typical data arc given in Table IV.  

The unreacted sulfacetamide was colorimetrically analyzed by diazotiiation 
and a coupling reaction with N-naphthylethylencdiamine dihydrochloride 
( 1  9, 20). A standard concentration-absorbance curve was determined by 
transferring 0 5 ,  1.0-, 2.0-. 3.0-, and 4.0-mL aliquots of a stock solution 
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Figure 2-DTA thermogram of a 2:l molar rutio of sulfacetanride and 
phthalic anhydride. Reference, glass beads: heating rate, 2O'C/min; attno- 
sphere, N2 ( I  atm);sensitiviry of y-axis, O.Z"C/cm. 
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Table I-Conversion of Sulfacetamide to Pbtbalylsulfacetamide a 

Mean 
Time, Conversion, Conversion f SD, 
min ?Jo 7% 

0 
10 

20 

30 

60 

I80 

300 

0 
6.68 
6.71 
4.31 
8.19 
5.45 
4.52 
7.03 
6.6 I 
4.04 
9.14 
5.51 

10.24b 
8.2gb 

1O.6gb 
13.66b 
16.00b 
14.88 

0 

5.90 f 1.38 

6.05 f 1.91 

5.89 f 1.62 

7.33 f 2.57 

10.07 f 0.72 

14.85 f 1.17 

At  95'C as a function of lime for a 1:2 molar ratio of sulfacetamide and phthalic 
anhydride. * Corrected to include sublimed phthalic anhydride (0.51 and 1 .I%of total 
compact weight for 180 and 300 min. respectively). 

(prepared by dissolving 125.6 mg of sulfacetamide in 50 mL of 0.5 M NaOH 
and adjusting with distilled water to 250 mL in a volumetric flask) into suf- 
ficient distilled water to make 50 mL. From each dilution, 5.0 mL was 
transferred into a 50-mL volumetric flask and neutralized with 0.02 M HCI. 
Then, 5 .0mLof0.5 M HCIand5.0mLofaO.l%aqueoussodiumnitriteso- 
lution were added to the flask. After 3 min. 5.0 mL of 0.5% ammonium sul- 
famate solution was added, and the volume was adjusted to 50 mL by the 
addition of distilled water. The absorbance was measured against a blank at  
536 nm. A plot of absorbance against concentration showed a Beer's law re- 
lationship. 

At each time period, the compact was triturated in a mortar, and the a p  
propriate amount of powdered compact corresponding to 125 mg of sulfacet- 
amide was accurately weighed and transferred to a 250-mL volumetric flask. 
The subsequent addition of reagents and the procedure have been described 
above. By means of the standard curve, the measured absorbance was used 
to determine the concentration of unreacted sulfacetamide. When sublimation 
occurred, a correction was made in the calculation of the percent conver- 
sion. 

RESULTS AND DISCUSSION 

Physicocbemical Cbncteristics-As reports (14- 18) have been published 
for single-solid decompositions, the reaction of sulfacetamide and phthalic 
anhydride was selected as an example of a solid-solid addition reaction for 
the simple model: A t B - AB. Samples of sulfacetamide maintained at 
50°C, 9OoC, and 1 10°C for 24 and 16 d and 5 h, respectively, showed no 
degradation within the variability (0.6%) of the analytical method. 

Table 11-Influence of Particle Size on Conversion of Sulfacetamidea 

Mean 
Particle Sizeb of Conversion, Conversion f SD,  

Sulfacctamide, p m  %C % 

128 22.45 
18.47 
23.71 

21.54 f 2.74 

164 15.80 
22.08 19.43 f 3.25 
20.42 

214 14.49 
20.23 17.25 f 2.88 
17.03 

302 18.31 

21.95 
387 I I .90 

11.88 

6.8 I 15.69 f 7.90 

4.25 9.34 f 4.41 

After 3 h at  9 S T  Mean of US. Standard Sieve oprning passed and retained. 
Corrected to include sublimed phthalic anhydride. 

Table 111-Influence of Compression Pressure on Conversion of 
Sulfacetamide in an Equilnolar Blend of Sulfacetamide and Phthalic 
Anhydride a 

Mean 
Compressional Conversion, Conversion f SD, 

Pressure, kg/cm2 %b 7% 

0 

35 

I06 

283 

601 

1003 

2005 

358 I 

5381 

7.01 
9.87 
7.69 

19.92 
23.78 
14.51 
18.54 
15.88 
15.02 
17.83 
17.98 
16.04 
11.98 
9.95 

1 I .86 
1 1 . I X  
11.13 
11.48 
11.43 
9.89 

10.04 
8.67 

12.07 
9.39 

11.36 
8.70 
7.45 
8.51 
7.8 I 
9.19 

8.19 f 1.49 

9.40 f 4.66 

6.48 f 1.84 

7.28 f 1.08 

2.26 f 2.54 

11.26 f 0.19 

10.45 f 0.85 

9.61 f 1.76 

8.50 f 0.69 

After 3 hat  95°C. Corrected to include sublimed phthalic anhydride 

It has been demonstrated that the solid-state reaction of sulfathiazole and 
phthalic anhydride is an addition reaction with a I:I  stoichiometry (21). 
Preliminary differential thermal analysis (DTA) of an equimolar ratio of 
sulfacetamide and phthalic anhydride showed that ( a )  the stoichiometry was 
1:1, (b )  the reaction product melted at 195OC [lit. mpof phthalylsulfacetamide 
(22) 196OCI and (c) decomposition occurred as the temperature exceeded 
196OC. The anhydrous state of each reactant was determined by thermo- 
gravimetry. The weight loss of phthalic anhydride is due to sublimation, as  
the slope (dW/di") (Fig. 1) is negatively increasing without discontinuity. The 
melting points of sulfacetamide and phthalic anhydride, as shown on the 
thermograms, were 185OC and 132.IoC, respectively [lit. mp (22) 182-184OC 
and 130.8OC, respectively]. 

Figure 2 is a typical thermogram of those determined on the blends of 
various molar ratios. The endothermic peak at 107OC is probablycaused by 
fusion of the sulfacetamide and phthalic anhydride eutcctic because a large 
exothermic peak ensues immediately. The exothermic peak at 1 I7OC is due 
to the liquid-state addition reaction. At 1 3I0C, the unreacted anhydride is 
completely melted and penetrates into the surface fissures of any solid sulfa- 
cetamide undergoing the addition reaction, as indicated by the broad exc- 
thermic peak between 1 35OC and 156OC. The endothermic peak at 172.5OC 
is likely caused by the melting of the sulfacetamidc-phthalylsulfacetamide 
eutectic. After melting, a small exothermic peak occurs at 178.5"C and may 
be due to the liquid-state addition between sulfacctamide and the residual 
anhydride. Finally, the endothermic peak at 187OC may be caused by fusion 
of phthalylsulfacetamide (depressed by impurity). 

At molar ratios of 1:l and 1.2 sulfacetamide and phthalic anhydride, the 
thermograms (not shown to conserve space) are essentially the same as those 
for the 2:l molar ratio at temperatures <16OoC. The relatively small quantity 
of sulfacetamide in the 1:2 molar ratio has undergone addition. so there is no 
endothermic peak corresponding to the melting of sutfdcctamide at 172.5OC. 
The final endothermic peaks are caused by the melting of impure phtha- 
lysulfacetamide; however, the quantity of impurity is different in the three 
ratios. 

Influence of Concentration on Reaction Kinetics- Molar ratios of sulfa- 
cetamide to phthalic anhydride from 1:l  to 1.3 provide excess phthalic an- 
hydride so that the initial contact area between the reactants is varied as the 
concentration of sulfacetarnide is changed. The conversion (milligrams sul- 
facetamide per gram of anhydride) is shown as  a function of time in Fig. 3. 
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Table IV-Convemion of Sulfacetamide to Phthalytsulfacetamide at 90°C 
as P Function of Time for an Equimolar Ratio of Sulfacetamide and 
Phtbalic Anhydride 

150 * 

100 - 

5 0  - 

Mean 
Time, Conversion, Conversion f SD,  
min %' w 

0 0 0 
10 1.53 

I .94 
2.28 

20 

30 

60 

I80  

~ 

4.85 
2.79 
2.23 
2.73 
3.61 
3.18 
3.01 
3.74 
4.06 
4.58 
3.19 
3.66 
3.92 
3.69 
4.77 
4.23 
6.04 
5.24 
5.70 
5.63 
8.18 
7.07 
9.34 
8.98 

300 11.20' 
8.87" 
9.07' 

10.97' 
13.10" 

2.62 f 1.08 

3.32 f 0.74 

3.81 f 0.51 

5.20 f 0.46 

9.84 f 1.31 

10.64 f 1.74 

Corrected to include sublimed phthalic anhydride (0.53% of weight of compact). 

The conversion (milligrams of sulfacetamide per gram of anhydride) is greater 
for a high concentration of sulfacetamide than for a lower concentration as 
the reaction time is increased (Fig. 4). For example, a comparison of the 60- 
and 180-min curves shows that for the 1:l molar ratio, an additional 33.7 mg 
of sulfacetamide/g of anhydride was converted during the 120-min interval, 
whereas for the same interval of time, only an additional 16.5 mg of sulfacet- 
amide/g of anhydride was converted at the 1:3 molar ratio. 

Influewe of Particle Sizeon R e a c h  Kinetics-By using a 1:2 molar ratio 
of sulfacetamide to phthalic anhydride, compacts were prepared with several 
sizes of sulfacetamide. A low compressional pressure (35 kg/cm2) was used 
to retain the integrity of the particles. The percent conversion of sulfacetamide 
after 3 h at 9S°C is given for the various sizes in Table 11. It appears that a 
reduction of particle size increases the percent conversion. 
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Figure 3-Influence of concentration on the reaction at 95"Co/sulfacetamide 
and phthalic anhydride prepared from 100/140-mesh fraction compressed 
at 3581 kg/cm2. Key: (0)  1:3; (0) I:2;(.) 1 : I .  

w 200 r 
P 
a 
n 
> 
I z 
U 

kj 
W 
\ 
(3 
I 
z 
tn 
W > z 
0 
0 

0 
a 

I '  
I .  I 

400  600 800 1000 1200 1400 

C O N C E N T R A T I O N ,  M G / G  OF A N H Y O R I O E  

Figure b l n j l u e n c e  of concentration of sulfacetamide on weight conversion 
at various times at 95°C. Key: (a) 60 min; (0) 180 min; (0) 300 min. Bars 
represent SD. 

Although the conversion rate of sulfacetamide has been shown to be pro- 
portional to its concentration, it may be more meaningful todescribe the ki- 
netics of solid-solid reactions in terms of interfacial area of contact between 
the reactants ( I  8,23); however, the determination of actual area of  contact 
is questionable. Since the actual area of contact is unknown but is probably 
proportional to the total surface area, reaction kinetics of a solid-solid system 
could be considered in  terms of the total surface area of the sulfacetamide, 
because phthalic anhydride is the only mobile phase (21,24) and is transported 
to the surface of the sulfacetamide by surface migration (21) and/or sub- 
limation. Assuming that the particles of sulfacetamide are spherical, the total 
surface area per gram of blend was calculated and plotted against the percent 
conversion (Fig. 5 ) .  

Influence of Pressure on Reaction Kinetics-Compacts of an equimolar 
blend of sulfacetamide and phthalic anhydride were prepared at pressures 
up to 5380 kg/cm2 and were maintained for 3 h at 95OC. The percent con- 
version of sulfacetamide increases to a maximum value ( 1  7%) as the com- 
pressional pressure is increased to 283 kg/cm2 (Fig. 6). and then, with further 
increases in compressional pressure, the percent conversion decreases. 

As the compressional pressure is increased, packing of the particles is more 
dense, and as bonding occurs, the porosity is decreased (25,26). As consoli- 
dation occurs, the area of contact between the reactants is increased by 
fragmentation or deformation (27) until  a maximum specific surface area, 
which provides more reaction sites between the sulfacetamide and phthalic 
anhydride, is attained. Additional increases in compressional pressure result 
in consolidation with a progressive decrease in  specific surface area, which 

I d 
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Figure 5-Influence of total sur/ace area of sulfacetamide on conversion after 
3 h at 95°C. Bars represent SD. 
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Figure 6-Influence of compressional pressure on the conversion of sulfa- 
cetamide after 3 h at 95°C. Bars represent SD. 

provides fewer reaction sites. I n  addition, the transport rate of the anhydride 
by diffusion through the phthalylsulfacetamide layer (24). surface migration 
(21 ),and/or sublimation will be decreased. Both effects operate to decrease 
the percent conversion. 

Influence of Temperature on Reaction Kinetics-Compacts compressed 
at a pressure of 3581 kg/cm2 from an equimolar blend of sulfacetamide and 
phthalic anhydride of a 100/140-mesh fraction were exposed tosix temper- 
atures from 85OC to I IOOC. The percent conversion of sulfacetamide at these 
temperatures is shown as a function of time in Fig. 7. At 100°C, IOSOC, and 
1 IOOC, the curve attains a plateau in a very brief time because of the fast re- 
action. Based on the thermogram (Fig. 2), it is likely that the initial phase- 
boundary reaction proceeds mainly in the liquid state, in which a more vigorous 
chemical reaction would be expected according to the lever rule (28), which 
infers that the fraction of the melt at the interface between the reactants is 
approximately proportional to the reaction temperature. At 85OC. 9OoC, and 
95OC, there is a slowing of the reaction rate, possibly due to the fact that the 
reaction occurs primarily in the solid state, which requires more energy and 
is more restrictive of molecular movement than in the liquid-solid reac- 
tion. 

In addition to the solid-solid interaction at the phase boundary, m a s  
transport of the anhydride to the free sulfacetamide surface occurs simulta- 
neously (21). Diffusion through a solid is slow, and after the phase-boundary 
reaction is completed, the conversion curve asymptotically approaches a 
plateau. Since the percent conversion at 8SoC, 9OoC, and 95OC significantly 
increases, although at a slower rate, it could be considered as phase-boundary 
reaction and treated mathematically (see Appendix). The reaction rate 
constants for given conditions at 85OC, 9OoC, and 95OC were calculated by 
starting with an A value, which was set equal to the percent conversion at 300 
min, and then sequentially, reaction rate constants were calculated by con- 
tinuous increments of 0.5 to the previous A value. The value of the derived 
constant, A ,  was selected which best fit the experimental data. 
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Figure 7-Influence of temperature on the reaction kinetics of equimolar 
sulfacetamide andphthalic anhydride compacts prepared at 3581 kglcm2. 
Key: (A) 85°C; (0) 90'C; (0 )  95'c: (0) ~ ~ " c :  (A) 1OS0C; (0) ll0"C. 
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Figure 8-Linear plot of - In (I - a/A) against reaction time at various 
temperatures. Key: (0 )  85°C; (A) 90°C; (0) 95°C. 

The best plot ( r  = 0.9758) of -In [ I  - ( & / A ) ]  against time at 85OC is 
shown in Fig. 8 ( A  = 7.75% k = 0.004704 min-I). The experimental percent 
conversion at 85OC is compared in Fig. 9 with that calculated with the best 
set of values of A and k and Eq. 14 (see Appendix). The greatest deviation 
in  the plot occurs at short reaction times and is obviously due to theomission 
in  case 2 (see Appendix) of the second term of Eq. 12. Similar results occur 
if  the data at 9OoC ( A  = 13.14%; k = 0.004912 min-I; r = 0.9875) and at 
95OC ( A  = 14.72%; k = 0.005272 min-l, r = 0.9437) are plotted. 

As shown in Fig. 10, a plot of In k against reciprocal temperature is linear 
with a slope of - 1502 K-I. From the plot of In k against reciprocal temper- 
ature over the range from 85OC to 95OC, it could be inferred that the reaction 
rate constants could be estimated at various temperatures; however, this 
concept has its limitations and may not be extended to other temperatures at 
which different physical parameters and mechanisms of transport and reaction 
occur ( I  8). 

APPENDIX 

By assuming that the solid-solid reaction rate, d a l d t ,  is proportional to 
the area of contact, X .  between the reactants at time, 1: 

d a  k - = -x 
dt c 

where k is the reaction rate constant and c is the proportionality constant. If 
the rate of generation of new contact area between the reactants is proportional 
to the free sulfacetamide surface, XI, at time, I :  

-- dx - -kX + klXf 
dt 

r 
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F i e  9-Conversion curve at 85"Cofequimolar suljacetamide and phthalic 
anhydride compacts compressed at 3581 kglcm =. Solid curve represents 
theoretical values according to Eq. 14. Points are experimental values; bars 
represent SD. 
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Figure 10-Arrhenius plot of reaction rate constants and temperatures 
/TI. 

where & I  is the rate constant for the generation of new area of contact and is 
related to the mass transport of the anhydride. The changing rate of free 
sulfacetamide surface may be expressed as: 

-- d X r -  -k lXr  
dt 

The Laplace transformations of Eqs. 1-3 are: 

SE = (k /c )X (Eq. 4) 

sX- k2Xo= - k X +  klXr 0%. 5 )  

S X r  - k2kyYr.o = -klXr 0% 6) 

where s is the Laplace parameter, X O  is the initial contact area between the 
reactants, Xf.0 is the initial free sulfacetamide area of contact, k2 is the fraction 
of ultimately reacted area of contact, k l  is the fraction of ultimately covered 
free sulfacetamide surface area, and Cis  the Laplace transform of a. After 
combining the same terms in Eqs. 5 and 6: 

- k4Xr.o 
X i = -  

s t k l  

(Eq. 7) 

where k4 = k2k3. By combining Eqs. 7 and 8 and substituting X into Eq. 
4: 

In Case 1, assume that k >> kl, and then the anti-Laplace transformation 
of F i n  Eq. 4 would be: 

Because k >> k l ,  the second term on the right side of the equation rapidly 
becomes negligible, and in a short reaction time, Eq. 10 reduces to: 

= (k2X0 + k4Xr.oYC - (kdr,dC) * exp ( - k d  (Eq. 1 1 )  

Because kl >> k ,  the second term on the right side of the equation rapidly 
becomes negligible, so in a very short reaction time: 

a = ( I / c ) ( k z X o  + k4Xr,d[I - exp (-Wl 

a = A[1 - exp ( -kr) ]  

A = ( I / c ) ( k z X o  + k4Xr.0) 

(Eq. 13) 

( ~ q .  14) 

0%. 15) 

or: 

Thus, a plot of -In [ I  - ( a / A ) ]  against time will produce a straight line with 
the slope equal to k .  
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and at t = 0 and a = 0, k2X& = 0. Since X O  and c cannot be zero, the infer- 
rence is that k2 = 0 (no reaction occurred). Thus, the simplified form (Eq. 
1 I )  does not meet the initial condition, although it may apply when the reaction 
time is long enough to neglect the second term of Eq. 10. In addition, a t  a molar 
ratio of 1:3 sulfacetamide to Dhthalic anhydride, the sulfacetamide would be 
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