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INTRODUCTION 

Absorpt ion spectroscopy can be used t o  determine the  pK o f  a 

compound when a change i n  t h e  spec t ra l  p a t t e r n  can be r e l a t e d  t o  a 

change i n  t h e  p r o t o n a t i o n  s t a t e  o f  an i o n i z a b l e  group. The 

c a l c u l a t i o n  o f  a pK becomes d i f f i c u l t  (standard e r r o r  increases)  

when these s p e c t r a l  changes are i n d i s t i n c t  o r  are m in ima l l y  

resolved.  I n  these cases, t h e  a b i l i t y  of higher-order  d e r i v a t i v e  

spectroscopy t o  enhance t h e  short-range f i n e  s t r u c t u r e  o f  a spec t ra  

u s u a l l y  o f f e r s  adequate s p e c t r a l  r e s o l u t i o n  f o r  q u a n t i t a t i v e  pK 

d e t  ermi n a t  i ons . 

Higher-order  d e r i v a t i v e  spectroscopy cons is t s  o f  c a l c u l a t i n g  

t h e  d e s i r e d  d e r i v a t i v e  of a spectrum (absorbance, f luorescence, 

etc.) wi th respect  t o  wavelength o r  frequency. Most c u r r e n t  

i n s t r u m e n t a t i o n  i s  capable of performing t h e  mathematical and curve 

smoothing f u n c t i o n s  r e q u i r e d  f o r  t h e  determinat ion o f  h ighe r -o rde r  
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3 74 R O S E N B E R G  AND J A C K S O N  

derivatives. The choice of which higher-order derivative i s  most 

suitable for  a particular experiment i s  based on the nature, 

complexity, and signal-to-noise ra t io  o f  the spectra and the 

accuracy and amount of information needed. Several excellent 

reviews on derivative spectroscopy have been pub1 ished (1 -4) .  

For the current work, second-order derivatives were found t o  

provide an excellent enhancement o f  the spectra w i t h  an acceptable 

signal-to-noise ra t io .  I n  second-order derivative spectroscopy, 

spectral minima usually correlate w i t h  the zero-order absorbance 

maxima. The s h i f t s  i n  the second-order spectra were easier t o  work 

w i t h  as compared to the spectra produced by f irst-  or  third-order 

derivatives. Fourth-order spectra were also easy t o  work w i t h ,  b u t  

were found to have an unacceptable signal-to-noise ra t io .  

EXPERIMENTAL 

Absorption spectra were taken i n  a 1 cm quartz cel l  using a 

HP8450A double-beam diode array spectrometer. Each spectrum was the 

average of 30 individual spectral measurements, thus min imiz ing  the 

signal-to-noise ra t io  i n  the derivative spectra. Second-order 

derivative spectra were processed us ing  the HP8450A. 

Spectroscopic pK t i  trations were performed using an in-the- 

c e l l  (INC) t i t r a t i o n  method. I n  this method the d rug  solution of 
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SECOND-ORDER DERIVATIVE SPECTROSCOPIC TECHNIQUE 375 

choice i s  placed i n  a 1 cm quartz UV c e l l ,  and the  e n t i r e  pK 

t i t r a t i o n  i s  then completed i n  t h i s  c e l l .  The pH o f  the drug 

so lut ion,  i n  the UV c e l l ,  i s  increased or  decreased slowly using 

concentrated base (5N NaOH) o r  acid (2N HC1). The pH i s  monitored 

( I O N  85 Radiometer) using a semi-micro Ross pH electrode which 1s  

imnersed I n  the drug so lut ion.  A t  each desired pH a UV spectrum i s  

taken. The volume o f  added t i t r a n t  i s  neg l i g ib le  and does not 

a f f e c t  the  pK ca lcu lat ions.  The pH i s  measured before and a f t e r  

each UV measurement t o  correct  f o r  possible pH d r i f t .  This method 

worked we l l  i n  determining the pK o f  phenobarbital. 

The minimal s o l u b i l i t y  o f  phenytoin i n  water (pH56 

approximately 18 ug/ml o r  7.1*10-5 M (5-a)), required a s l i g h t  

mod i f i ca t i on  o f  the I N C  method. I n  these experiments, a saturated 

aqueous phenytoin so lu t i on  (pH<6.0, no bu f fe r )  was d i l u t e d  1:3 w i t h  

pH=6.0 deionized water. The t i t r a t i o n  was then completed w i th  t h i s  

s ing le  so lut ion.  

CALCU IAT IMS 

The d i ssoc ia t i on  constant, Ka, f o r  a weak ac id i n  aqueous 

s o l u t i o n  can be derived using the Henderson-Hasselbalch equation; 

where A and B are the ac id  and conjugate base forms of the drug i n  
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3 76 ROSENBERG AND J A C K S O N  

quest ion.  The t o t a l  concentrat ion,  C t ,  o f  drug i n  s o l u t i o n  i s ;  

C t  = [A1 + [ B l  

The t o t a l  absorbance, A t ,  f o r  t h i s  s o l u t i o n  i s ;  

where AA and AB a re  t h e  absorbances of t h e  a c i d  and conjugate base, 

r e s p e c t i v e l y ,  a t  a s p e c i f i c  wavelength. Equat ion 3 can be expanded 

to;  

where cA,and EB are  t h e  molar a b s o r p t i v i t i e s  o f  t h e  va r ious  species 

i n  s o l u t i o n ,  and !& i s  t h e  path length o f  t h e  UV c e l l .  Equat ion 2 and 

4 a re  combined w i t h  equat ion 1 and rearranged t o  give;  

where and EBCt!& a re  t h e  absolute absorbance o f  t h e  n e u t r a l  and 

a n i o n i c  fo rm o f  phenytoin,  respec t i ve l y .  I n  those cases where t h e  

va lue  of cannot be determined exper imenta l ly ,  then equat ion 5 

can be rearranged ( i n  a non- logar i thmic form) t o  give;  
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SECOND-ORDER DERIVATIVE SPECTROSCOPIC TECHNIQUE 377 

A p l o t  of A t  vs. ( E A C t R  - At)[H+] f o r  a l l  points  i n  the t i t r a t i o n  

curve wi l l  give a s lope equal t o  the  reciprocal  o f  the  ion iza t ion  

cons tan t  and an in t e rcep t  equal t o  the  absorbance of t he  conjugate 

base form. 

RESULTS AND DISCUSSION 

PHENOBARBITAL 

Figure 1 and Figure 2 show the  pH dependence of t he  zero- and 

second-order absorption spec t ra  of phenobarbital ,  respec t ive ly .  I n  

the zero-order spec t r a ,  increasing pH causes a hyperchromic and 

bathochromic sh f t .  Note t h a t  in the  wavelength range o f  200 t o  285 

nm, an i sosbes t  c point  i s  not found. However, the  second-order 

spec t r a  shows numerous spec t ra l  f ea tu re s  i n  t h i s  wavelength range, 

including th ree  i sosbes t i c  points  (207, 224, and 250 nm). 

In t e re s t ing ly ,  t he  maximum spec t ra l  separat ion i n  the  second-order 

de r iva t ive  i s  found between 207 nm and 224 nm, which i n  the zero- 

order  spec t r a l  i s  a region of minimal separat ion.  

The pK of phenobarbital  was determined, using equation 5, a t  

238 nm i n  the zero-order spec t ra ,  and a t  213 nm i n  the  second-order 

spec t ra .  Ion iza t ion  constants  were calculated a t  o ther  wavelengths 
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FIGURE 1 
P h e n o b a r b i t a l :  Ze ro -Orde r  

Derivative 

with similar results. The pKs determined by the zero- and second- 

order derivatives (Table 1) were 7.18 and 7.20 respectively. These 

pKs agree well with each other and with the previously reported 

value o f  7.40 (9). Although, the higher-order derivative did not 

provide an enhancement in the pK resolution, the appearance o f  

isosbestic points and increased spectral structure may increase 
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FIGURE 2 
P h e n o b a r b i t a l :  Second-Order 

Derivative 
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FIGURE 3 
Phenytoin: Zero-Order Derivative 

confidence i n  the  information derived from the UV spectra. It a lso  

should be noted t h a t  there  was no loss o f  accuracy i n  determining 

the  pK by the  use o f  second-order spectra. 

PHENYTOIN 

F igure  3 and Figure 4 show the  pH dependence o f  the  zero- and 

second-order absorption spectra o f  phenytoin, respect ive ly .  A 
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SECOND-ORDER DERIVATIVE SPECTROSCOPIC TECHNIQUE 381 
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FIGURE 4 
Phenytoin: Second-Order Derivative 

hyperchromic and bathochromic s h i f t  i s  noted i n  t h e  zero-order 

spec t ra  as t h e  pH i s  increased. The second-order d e r i v a t i v e  spect ra 

shows a u n i f o r m  bathochromic s h i f t ,  w i t h  the  215 nm maxima and 223 

nm minima bo th  showing a hyperchromic s h i f t .  Also, i n  t h e  

wavelength range of 212 t o  230 nm, a l a r g e  change i n  t h e  absorbance 

i s  noted, and two i s o s b e s t i c  p o i n t s  (215 and 225 nm) are  found. 
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382 ROSENBERG AND JACKSON 

Table 2 
pK o f  Phenytoin 

Zero 230 & 235 28 8.08 + 0.14 6 
Second 217 & 220 28 8.12 0.05 6 

pK values f rom bo th  repo r ted  wavelengths and t h r e e  
t i t r a t i o n s  were averaged. I n d i v i d u a l  pK values had 
s i m i l a r  values and standard dev ia t i ons .  

+Number o f  p o i n t s  averaged from th ree  experiments and 
two wavelengths. Some p o i n t s  were l o s t  us ing  
equat ion 6 because t h e i r  absorbances were g r e a t e r  
t han  the  c a l c u l a t e d  absorbance maximum. 

-______---_____-----__________________c_-------------------- * 

o rde r )  d i d  n o t  exh 

pheny to in  (Table 

wavelengths i n  t h e  

b i t  a maxima i n  t h e  pH=lO t o  14 range. 

2) was t h e r e f o r e  ca l cu la ted ,  f o r  

210 nm t o  240 nm range, us ing equat ion 

These pH-dependent absorbance changes were o r i g i n a l l y  thought 

t o  r e l a t e  e x c l u s i v e l y  t o  the  d i s s o c i a t i o n  o f  t h e  N3 n i t r o g e n  o f  

phenytoin.  However, t he  absorpt ion spect ra (both zero- and second- 

he pK o f  

severa l  

5 and an 

absorbance va lue f o r  t h e  an ion i c  form o f  phenyto in  determined a t  

pH=10.5 +_ 0.2. The pK o f  phenyto in  determined i n  t h i s  manner, gave 

an unacceptably l a r g e  standard dev ia t i on ,  desp i te  t h e  averaging o f  

t h r e e  experiments and two wavelengths. 

Since i t  was no t  poss ib le  t o  exper imenta l ly  determine a 

absorbance va lue f o r  t he  conjugate base form o f  phenyto in  ( A s ) ,  i t  

was necessary t o  use equat ion 6 t o  determine a pK. The zero-order 

spec t ra  prov ided l i t t l e  in format ion on t h e  nature o f  t h e  pH- 

dependent changes occu r ing  i n  t h e  upper pH range. Th is  made i t  
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SECOND-ORDER DERIVATIVE SPECTROSCOPIC TECHNIQUE 383 

d i f f i c u l t  t o  ascertain, even approximately, where the v a r i a t i o n  i n  

the  spectra became unacceptably large. I n  the second-order 

d e r i v a t i v e  spectra, two isosbest ic  po ints  are v i s i b l e  i n  the pK 

t i t r a t i o n .  These isosbest ic  po ints  were taken t o  ind ica te  t h a t  

there  i s  a re la t i onsh ip  between the pH o f  the so lu t i on  and the 

i o n i z a t i o n  nature o f  phenytoin. As long as the isosbest ic  po in ts  

were held ' t i g h t l y ' ,  the spectral s h i f t s  re la ted  t o  pH were ascribed 

d i r e c t l y  t o  the pK o f  phenytoin. From pH 6, (or  less) ,  t o  the pH 

range o f  8.6 t o  8.8 these isosbest ic  po in ts  were consis tent  and 

' t i g h t ' .  A t  pHs above 8.8 the isosbest ic  po ints  began t o  d r i f t  and 

were eventual ly  completely l o s t .  The loss o f  con t i nu i t y  i n  the 

isosbes t ic  po in ts  seems t o  ind ica te  tha t  other phys ica l  f ac to rs  are 

a f f e c t i n g  the UV o f  phenytoin i n  t h i s  pH range. The p o s s i b i l i t y  o f  

a secondary i o n i z a t i o n  occurring was checked using a modif ied form 

o f  the  Robinson-Biggs equation (10). Results from these experiments 

d i d  not i nd i ca te  a second pK i n  t h i s  pH region. 

The ion i za t i on  constant o f  phenytoin, determined using 

equation 6, was 8.08 2 0.14 i n  the zero-order spectra, and 8.12 + - 

0.05 i n  the  second-order spectra. The pK value determined by the 

zero-order spectra had an unacceptably large standard dev iat ion,  

however the  pK determined by the second-order der iva t  ve gave an 

acceptable resu l t .  i s  i n  good agreement w t h  a value 

o f  8.06 repor ted by Schwartz e t .  a1 (8)  using a s o l u b i l i t y  

technique . 

This pK value 
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3 84 ROSENBERG AND JACKSON 

The r e l a t i v e  absorbance value f o r  the anionic form o f  

phenytoin (EBCtlt) can a lso  be determined from equation 6. I n  these 

experiments an accurate concentrat ion o f  phenytoin was not 

determined, and therefore € 6  cannot be calculated. The r e l a t i v e  

absorbance increase, a t  spec i f i c  wavelengths, can be derived as a 

r a t i o  o f  A s  versus AA (Table 3). This r a t i o  can be used t o  

i n d i r e c t l y  ca lcu la te  EB f o r  phenytoin. It a lso shows t h a t  the 

second-order de r i va t i ve  spectra have a la rger  spect ra l  separation, 

a t  the wavelengths chosen, than the zero-order spectra. 

The i n a b i l i t y  t o  accurately determine an absorbance value 

f o r  the conjugate base form o f  phenytoin (As)  was unexpected. 

However, the l i t e r a t u r e  shows tha t  there are questions about the 

h igh  pH behavior o f  phenytoin. Work by Salem e t .  a l .  (11) has 

shown t h a t  the s o l u b i l i t y  o f  phenytoin continues t o  increase i n  

the pH range o f  9.87 t o  10.98. Since the pK o f  phenytoin i s  

approximately 8.1, i t  would be expected t h a t  the  s o l u b i l i t y  o f  

phenytoin should maximize around pH=lO (12,13). This assumes t h a t  

the  s o l u b i l i t y  o f  phenytoin, i n  t h i s  pH range, i s  due s t r i c t l y  t o  
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SECOND-ORDER DERIVATIVE SPECTROSCOPIC TECHNIQUE 385 

i t s  i o n i z a t i o n .  It has a l s o  been repo r ted  t h a t  t h e  maximum 

aqueous d i s s o l u t i o n  o f  phenyto in  does no t  occur u n t i l  a pH 2 11.7 

(14,15). I n  t h e  s o l u b i l i t y  experiments o f  Schwartz e t .  a l . ,  (8), 

t h e  h ighes t  pH used t o  determine the  pK o f  phenyto in  was pH=8.3. 

F u r t h e r  work i s  ongoing t o  determine the  exact va lue of E B  and t h e  

n a t u r e  o f  t h e  changes occu r r i ng  i n  h igher  pH solut ions.  

CONCLUS I OMS 

It i s  p o s s i b l e  t o  use h igher-order  d e r i v a t i v e  spectroscopy 

t o  determine t h e  i o n i z a t i o n  constant  o f  compounds. This  r e q u i r e s  

t h a t  t h e  i o n i z a t i o n  o f  t h e  drug i n  quest ion causes a change i n  t h e  

a b s o r p t i o n  spectra.  I n  those cases where the  compound i s  

s p a r i n g l y  so lub le,  and/or t h e  zero-order spect ra does n o t  show 

enough s p e c t r a l  separa t i on  t o  a1 low an accurate pK determinat ion,  

second-order d e r i v a t i v e  spectroscopy can be employed. It should 

be noted t h a t  second-order d e r i v a t i v e  spectroscopy does n o t  

p rov ide  new s p e c t r a l  in format ion,  b u t  o n l y  enhances fea tu res  i n  

t h e  absorbance spectrum which otherwise might  go unnoticed. 
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