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ABSTRACT: The mixed dissociation constants of two drugs—butorphanol and zolpidem—at temperatures of (25 and 37) �C
were determined with the use of multiwavelength and multivariate treatments of spectral data using SPECFIT/32 and SQUAD(84)
nonlinear regression. The factor analysis in the INDICES program predicts the correct number of components, that is, the number
of dissociated and nondissociated forms of the molecules studied. The thermodynamic dissociation constant pKa

T was estimated by
nonlinear regression of {pKa, I} data at (25 and 37) �C: for butorphanol pKa,1

T = 9.46(1) and 8.99(3) and pKa,2
T = 9.64(2) and

9.34(3); for zolpidem pKa,1
T = 6.33(3) and 6.14(1), where the standard deviation in last significant digits is in parentheses. The

proposed procedure involves chemical model building, calculating the concentration profiles, and fitting the protonation constants
of the chemical model to multiwavelength and multivariate data measured. If the proposed protonation model represents the data
adequately, the residuals should form a random pattern with a normal distributionN(0, s2), with the residual mean equal to zero, and
the standard deviation of residuals being near to experimental noise. PALLAS and MARVIN predict pKa based on the structural
formulas of drug compounds in agreement with the experimental value.

’ INTRODUCTION

Dissociation constants are very important both in the inter-
pretation of the mechanisms of action of drugs and in their
analysis. The acid dissociation constants, pKa, help to explain
chemical phenomena such as absorption, distribution, and eli-
mination of substances.

Butorphanol of the systematic (IUPAC) name 17-cyclobutyl-
methyl-morphinan-3,14-diol, CAS Registry No. 58786-99-5,
ATC code N02AX02 QR05DA90, is of chemical formula
C21H29NO2 and molecular mass 327.473 g 3mol-1.1 Butorpha-
nol tartras has the structure

It is a morphinan-type synthetic opioid analgesic. Butorphanol
being most closely structurally related to levorphanol is available
only as butorphanol tartrate in injectable and intranasal spray
formulations. Butorphanol exhibits partial agonist and antagonist
activity at the μ opioid receptor and agonist activity at the κ
opioid receptor.2,3 Stimulation of these receptors on central
nervous system neurons causes an intracellular inhibition of
adenylate cyclase, closing of influx membrane calcium channels,
and opening of membrane potassium channels. Butorphanol
is more effective in reducing pain in women than in men.2

In veterinary use, butorphanol is widely used as a sedative and
analgesic in dogs, cats, and horses.4

Zolpidem of the systematic (IUPAC) name N,N,6-trimethyl-
2-(4-methylphenyl)-imidazo[1,2-a]pyridine-3-acetamide,CASnum-
ber 82626-48-0, ATC code N05CF02 is of chemical formula
C19H21N3O and molecular mass 307.395 g 3mol-1.1 Zolpidem
tartras has the structure

It belongs to a class of drugs called sedatives or hypnotics.
Zolpidem is closely related to a family of sedatives called
benzodiazepines. These drugs cause sedation and muscle relaxa-
tion, act as anticonvulsants (antiseizure), and reduce anxiety.
Zolpidem has selectivity in that it has little of the muscle relaxant
and antiseizure effects and more of the sedative effect. Therefore,
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it is used as a medication for sleep. The oral spray form of zolpi-
dem has more rapid absorption than the tablet form because
it is absorbed through the lining of the mouth.5 Zolpidem is a
prescription medication used for the short-term treatment
of insomnia, as well as some brain disorders. It is a short-acting
nonbenzodiazepine hypnotic that potentiates γ-aminobutyric
acid (GABA), an inhibitory neurotransmitter, by binding to
γ-aminobutyric acid (GABAA) receptors at the same location
as benzodiazepines.6 Its hypnotic effects are similar to those of
the benzodiazepine class of drugs, but it is molecularly distinct
from the classical benzodiazepine molecule and is classified as an
imidazopyridine.7,8 Because of its selective binding, zolpidem has
very weak anxiolytic, myorelaxant, and anticonvulsant properties
but very strong hypnotic properties.9 Zolpidem increases slow
wave sleep and caused no effect on stage 2 sleep in laboratory
tests.10

There are several methods for the determination of dissocia-
tion constants of drugs. Traditionally, UV-vis spectrometry and
potentiometry have been the most useful techniques for the
determination of equilibrium constants. In addition, relevant
software has been developed for the rapid theoretical estimation
of pKa values based on the chemical structure.11,12

Determination of the Mixed Protonation/Dissociation
Constants. The procedure for the determination of the mixed
protonation/dissociation constants have been described pre-
viously.13-28 An acid-base equilibrium of the drug studied is
described in terms of the protonation of the Br€onstedt base Lz-1

according to the equation Lz-1 þ Hþ a HLz characterized by
the thermodynamic protonation constant

KH ¼ aHLz

aLz - 1aHþ
¼ ½HLz�

½Lz - 1�½Hþ�
yHLz

yLz - 1yHþ
ð1Þ

The protonation equilibria between the anion L (the charges are
omitted for the sake of simplicity) of a drug and a proton H are
considered to form a set of variously protonated species L, LH,
LH2, LH3, and so forth, which have the general formula LlHr in a
particular chemical model and which are represented by nc the
number of species, ri, i = 1, ..., nc where index i labels their
particular stoichiometry; the overall protonation (stability) con-
stant of the protonated species, βqr, may then be expressed as

βr ¼ ½LHr�=ð½L�½H�rÞ ¼ c=ðlhrÞ ð2Þ

where the free concentration [L] = l, [H] = h, and [LHr] = c.
For dissociation reactions realized at constant ionic strength the
so-called, “mixed dissociation constants” are defined as

Ka, j ¼
½Hj - 1L�aHþ

½HjL� ð3Þ

As each aqueous species is characterized by its own spectrum,
for UV-vis experiments and the ith solution measured at the jth
wavelength, the Lambert-Beer law relates the absorbance, Ai,j,
being defined as

Ai, j ¼
Xnc

n¼ 1

εj, ncn ¼
Xp

n¼ 1

ðεr, jβr lhrÞn ð4Þ

where εr,j is the molar absorptivity of the LHr species with the
stoichiometric coefficient r measured at the jth wavelength. The
absorbance Ai,j is an element of the absorbance matrix A of size

(ns 3 nw) being measured for ns solutions with known total con-
centrations of nz = 2 basic components, cL and cH, at nw wavel-
engths. Calculations related to the determination of protonation
constants may be performed by the regression analysis of spectra
using versions of the SQUAD(84) program family13-18 and
SPECFIT/3221-24,29 and have been described previously.30 The
experimental and computational schemes for the determination
of the protonation constants of the multicomponent system are
taken from Meloun et al.30

Let us consider the dependence of the mixed dissociation
constantKa = aHþ[L

z-1]/[HLz] on an ionic strength, when both
ions HLz and Lz-1 have roughly the same ion-size parameter
�a in the dissociation equilibrium HLz a Lz-1 þ Hþ with the
thermodynamic dissociation constant Ka

T. This dependence
is expressed by the extended Debye-H€uckel equation

pKa ¼ pKT
a -

Að1- 2zÞ ffiffi
I

p

1þ B�a
ffiffi
I

p þ CI ð5Þ

where A = 0.5112 mol-1/2
3 L

1/2
3K

3/2 and B = 0.3291 mol-1/2
3

m-1
3 L

1/2
3K

1/2 1010 for aqueous solutions at 25 �C. The mixed
dissociation constant pKa represents a dependent variable, while
the ionic strength I stands for the independent variable. Three
unknown parameters b = {pKa,

�a} are to be estimated by a mini-
mization of the sum of the squared residuals31

UðbÞ ¼
Xn

i¼ 1

wi½pKa, exp , i - pKa, calc, i�2

¼
Xn

i¼ 1

wi½pKa, exp , i - f ðI; pKT
a ,

�a,C�2 ¼ minimum ð6Þ

The nonlinear estimation problem is simply a problem of optimi-
zation in the parameter space, in which the pKa and I are known and
given values, while the parameters pKa

T, �a, and C are unknown
variables to be estimated.14,17,30,32,33 The adequacy of a proposed
regression model with experimental data may be examined by the
goodness-of-fit test, cf. a previous tutorial.30

Determination of the Number of Light-Absorbing
Species. A qualitative interpretation of the spectra aims to
evaluate of the quality of the data set and remove spurious data
and to estimate the minimum number of factors, that is,
contributing aqueous species, which are necessary to describe
the experimental data. The INDICES34,35 determine the number
of dominant light-absorbing species present in the equilibrium
mixture is based on a comparison of an actual index of method
used with the experimental error of instrument used, sinst(A), and
concerns themethods19,34 when five of them also were used here:
(a) Kankare's residual standard deviation, sk(A). The sk(A)

values for different numbers of components k are plotted
against an index k, sk(A) = f(k), and the number of
significant components is an integer nc = k for which
sk(A) is close to the instrumental error of absorbance
sinst(A).

19,35

(b) Residual standard deviation, RSD(k), is used analogously
as in the previous method sk(A).

19,35

(c) Root-mean-square error, RMS: analogically as in the pre-
vious method, it is based on finding the point where the
slope of the indicator function changes.19,35
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(d) Standard deviation of eigenvalues s(g) is based on finding
the point where the slope of the indicator function
changes.19,35

(e) Eigenvalues g: the first k eigenvalues being called a set of
primary eigenvalues g contain contributions from the real
components and should be considerably larger than those
containing only noise.19,35

Determination of Enthalpy and Entropy Change. The
enthalpy change (ΔH0) for the dissociation process was calcu-
lated using the van't Hoff equation

d ln K
dT

¼ ΔH0

RT2
ð7Þ

From the free-energy change ΔG0 and ΔH0 values, the entropy
(ΔS0) could be calculated:

ΔG0 ¼ - RT ln K ð8Þ

ΔS0 ¼ ΔH0 -ΔG0

T
ð9Þ

where R (ideal gas constant) = 8.314 J 3K
-1

3mol-1, K is the
thermodynamic dissociation constant, and T is the absolute
temperature.

’EXPERIMENTAL SECTION

Chemicals. Butorphanol tartras was of content 100 % (Teva
Czech Industries s.r.o. Quality Certificate SM\QC\6482796
\01), and zolpidem tartras was of content 100 %. Hydrochloric
acid, 1 mol 3 dm

-3, was prepared by diluting concentrated HCl
(p.a., Lachema Brno) with redistilled water and standardization
against HgO and KI with a reproducibility better than 0.2 %
according to the equation HgO þ 4KI þ H2O a 2KOH þ
K2[HgI4] and KOH þ HCl a KCl þ H2O. Potassium hydro-
xide, 1 mol 3 dm

-3, was prepared from the exact weight of pellets
p.a., Aldrich Chemical Co., with carbon-dioxide free redistilled
water kept 50 min on the sonographic bath. The solution was
stored for several days in a polyethylene bottle in argon atmo-
sphere. This solution was standardized against a solution of
potassium hydrogen phthalate using the derivativemethod with a
reproducibility of 0.1 %. Mercury oxide, potassium iodide, and
potassium chloride, p.a. Lachema Brno, were not extra purified.
Twice-redistilled water kept 50 min on the sonographic bath
was used in the preparation of solutions. The preparation of
other solutions from analytical reagent-grade chemicals has been
described previously.23

pH Spectrophotometric Titration Procedure. The appara-
tus Cintra 40 (GBC, Australia) spectrophotometer used and the
pH-spectrophotometric titration procedure have been described
previously.30 An experimental and computational scheme for the
protonation model building of a multicomponent and multi-
wavelength system was proposed by Meloun et al., cf. page 226
in ref 36 or refs 15 and 30, and is here revised with regard
to SPECFIT/32, SQUAD(84), and INDICES applications.
When a minimization process terminates, some diagnostics are
examined to determine whether the results should be accepted.
The physical meaning of parametric estimates:
(1) Instrumental error of absorbance measurements, sinst(A):

The INDICES algorithm cf. ref 34 should be used to
evaluate sinst(A). This value can be used for prediction
of the signal-to-error ratio, SER, for experimental data. It

was proven that the indices are able to accurately predict
the correct number of components that contribute to a set
of absorption spectra for data sets with SER being equal to
or higher than 10.

(2) Experimental design: Simultaneous monitoring of absor-
bance and pH during titrations is used in a titration.

(3) Number of light-absorbing species: The INDICES34 can
detect minor components and predicts the correct num-
ber of components for data sets with the SER of at least
equal to or higher than 10. For the signal value S in a
numerator of the ratio S/E, the absorbance difference for
the jth-wavelength at the ith-spectrum Δij = Aij - Ai,acid
can be used, where Ai,acid is the limiting spectrum of acid
form of drug measured. This absorbance change Δij is
then divided with the instrumental standard deviation
sinst(A) and resulting ratio Δ/sinst(A) represents here the
SER of spectra studied.

(4) Choice of computational strategy: The input data should
specify whether βqr or log βqr values are to be refined
whether multiple regression (MR) or non-negative linear
least-squares (NNLS) are desired.13,15

(5) Theoretically predicted parameter βqr estimates: Two
predicting programs, PALLAS11 andMARVIN,37 provide
a collection of powerful tools for making a prediction of
the pKa values of any organic compound on the basis of
base on the structural formulas of the compounds, using
approximately 300 Hammett and Taft equations. Ab
initio quantum mechanics calculations have been used
extensively, as have semiempirical quantum mechanics.38

(6) Diagnostics indicating a true chemical model: When the
minimization process of a regression spectra analysis
terminates, some diagnostic criteria are examined to
determine whether the results should be accepted or
rejected.

First diagnostic—the physical meaning of the parametric
estimates: The physical meaning of the protonation constants,
associated molar absorptivities, and stoichiometric indices is
examined: βqr and εqr should be neither too high nor too low,
and εqr should not be negative. The absolute values of s(βj), s(εj)
give information about the last RSS-contour of the hyperpar-
aboloid in neighborhood of the pit, RSSmin.
Second diagnostic—the physical meaning of the species

concentrations: There are some physical constraints which are
generally applied to realistic concentrations of species and also
their molar absorptivities: concentrations and molar absorptiv-
ities must be positive numbers.
Third diagnostic—parametric correlation coefficients: Two

completely correlated species cannot be included in a chemical
model, because the relevant protonation constants are strongly
correlated and an increase or decrease of one component may
compensated for the other.
Fourth diagnostic—goodness-of-fit test: The goodness-of-fit

achieved is easily seen by examination of the differences between
the experimental and the calculated values of absorbance, ei =
Aexp,i,j- Acalc,i,j. One of the most important statistics calculated is
the standard deviation of the absorbance, s(A), calculated at the
termination of the minimization process as s(A) = (Umin/df)

1/2

where Umin stands for the residuals-square-sum function in
minimum and df is the degree of freedom. This is usually
compared with the standard deviation of absorbance calculated
by the INDICES program34 sk(A) and the instrumental error of
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the spectrophotometer used sinst(A), and if it is valid that s(A)e
sk(A), or s(A) e sinst(A), then the fit is considered to be
statistically acceptable. Alternatively, the statistical measures of
residuals e can be calculated to examine the following statistical
criteria: the residual bias eh should be a value close to zero; the
residual standard deviation s(e) being equal to the absorbance
standard deviation s(A) should be close to the instrumental stan-
dard deviation sinst(A). The residual skewness g1(e) should be
close to zero for a symmetric distribution of residuals; the resi-
dual kurtosis g2(e) should be close to 3 for a Gaussian distribution
of residuals.
Fifth diagnostic—deconvolution of spectra: Resolution of

each experimental spectrum into spectra of the individual species
proves whether the experimental design has been proposed to be
efficient enough. If the model represents the data adequately, the
residuals should possess characteristics that agree with, or at least
do not refute, the basic sample assumptions: the residuals should
be randomly distributed about the Acalc values predicted by the
regression equation. Systematic departures from randomness
indicate that themodel is not satisfactory. Examination of plots of
the residuals versus λmay assist numerical and/or graphical aids
in the analysis of residuals.
Reliability of the Estimated Protonation Constants. The

adequacy of a proposed regression model with experimental
spectra and the reliability of parameter estimates βqr,j found
(being denoted for the sake of simplicity here as bj (j = 1, ..., m)
and εij (j = 1, ..., nw) may be examined by a goodness-of-fit test,
cf. page 101 in ref 36:
(1) The quality of parameter estimates bj (j = 1, ..., m) found

is reviewed according to the variances D(bj). Often an
empirical rule is used: parameter bj differs significantly
from zero when its estimate is greater than 3 standard
deviations, 3[D(̂e)]1/2 e |bj| (j = 1, ..., m).

(2) The quality of the experimental data is examined by identi-
fication of the influential points (namely outliers) with the
use of regression diagnostics, cf. page 62 in ref 33.

(3) The quality of curve fit achieved: the adequacy of the
proposed model and m parameter estimates found with n
values of experimental data is examined by a goodness-of-fit
test based on the statistical analysis of classical residuals.
Examination of residual plots may be assisted by graphical
analysis of the residuals, cf. pages 289 and 290 in ref 33.

Computation. Computation relating to the determination of
dissociation constants were performed by regression analysis of
the UV-vis spectra using the SQUAD(84)15 and SPECFIT/
3221-24,29 programs. Most of graphs were plotted usingORIGIN
7.539 and S-Plus.40 The thermodynamic dissociation constant
pKa

T was estimated with the MINOPT nonlinear regression
program in the ADSTAT statistical system (TriloByte Statistical
Software, Ltd., Czech Republic).41 A qualitative interpretation of
the spectra with the use of the INDICES program34 aims to
evaluate the quality of the data set and remove spurious data and
to estimate the minimum number of factors, that is, contribu-
ting aqueous species, which are necessary to describe the
experimental data and determine the number of dominant

Figure 1. Upper row graphs: (a) The 3D absorbance-response surface
representing the measured multiwavelength absorption spectra for
2.48 3 10

-5 M butorphanol in dependence on pH at 25 �C and I =
0.022 (KCl), (b) the 3D residuals map after nonlinear regression
performed with SPECFIT and SQUAD (S-Plus). Low row graphs:
The Cattel's index plot of eigenvalues in form of indices modifying
methods as a function of the number of principal components k for the
pH-absorbance matrix from Figure 1a. Left: Kankare's residual stan-
dard deviation, sk(A). Middle: Standard deviation of eigenvalues s(g).
Right: Eigenvalues (g). The arrows indicate that most of methods lead to
two or three light-absorbing species in pH-equilibriummixture (S-Plus).

Figure 2. Nonlinear regression analysis of the protonation equilibria
model and factor analysis of 2.48 3 10

-5 M butorphanol in dependence
on pH at 25 �C and I = 0.022 (KCl): (a) the 2D absorption spectra in
dependence on pH at 25 �C; (b) the Cattel's scree plot of the
Wernimont-Kankare procedure for the determination of the number
of light-absorbing species in the mixture k* = 2 leading to the actual
instrumental error of the spectrophotometer used sinst(A) = 0.55 mAU
(INDICES in S-Plus); (c) the scatterplot of absorbance vs. pH curves for
(252, 280, and 305) nm at 25 �C proves an existence of protonation
equilibrium of butorphanol; (d) the scatterplot of residuals expressed
with the standard deviation of individual spectra in dependence on pH;
(e) the pure spectra profiles of molar absorptivities vs wavelengths for
species L and LH; (f) the distribution diagram of the relative concentra-
tions of species L and LH in dependence on pH at 25 �C. The charges of
species are omitted for the sake of simplicity (SPECFIT, ORIGIN).
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species present in the equilibrium mixture. PALLAS11 and
MARVIN37 are programs for making predictions based on the
structural formulas of drug compounds.
Input Data Available on Web. Complete experimental and

computational procedures, input data specimens, and corre-
sponding output in numerical and graphical form for three
programs, INDICES, SQUAD(84), and SPECFIT/32, are avail-
able free of charge online at http://meloun.upce.cz and in the
block DOWNLOAD and DATA.

’RESULTS AND DISCUSSION

Butorphanol and zolpidem which were studied in our labora-
tory represent two drugs which exhibit some small changes in
spectra. Other instrumental methods could not be used for
limited solubility in water.
Butorphanol. A suggested strategy for an effective experimen-

tation in dissociation constants determination ensued from spectral
data treatment is presented on the protonation equilibria of
butorphanol. The 16 experimental spectra at various pH values
at 35 wavelengths are acquired for the titration of 2.48 3 10

-5 M
butorphanol solution by a standard solution of 1 M KOH to adjust
the pH value at 25 �C and I = 0.022 (KCl). As all variously
protonated anions exhibit quite similar absorption bands, a part
of spectrum from (250 to 320) nm was selected as the most
appropriate for an estimation of protonation constants. The pH-
spectrophotometric titration allows absorbance-response surface
data (Figures 1a and 2a) to be acquired for analysis with nonlinear
regression, and the reliability of parameter estimates (pKa

T and ε0s)
can be assessed on the basis of the goodness-of-fit test of residuals
(Figures 1b and 2d). The adjustment of pH value from 6 to 11
causes the absorbance to change by 0.080 of the A-pH curve only
(Figure 2c), so that themonitoring of three components L2-, HL-,

and H2L of the protonation equilibrium is rather unsure. As the
changes in spectra are small, a very precise measurement of
absorbance is necessary for a reliable detection of the deprotonation
equilibrium studied. In the first step of the regression spectra
analysis, the number of light-absorbing species was estimated using
the INDICES algorithm (Figures 1 and 2b). The number of light-
absorbing species p can be predicted from the index function
values by finding the point p = k where the slope of index function
PC(k) = f(k) changes or by comparing PC(k) values to the instru-
mental error sinst(A). This is the common criterion for determining
p (lower part of Figure 1). A very low value of sinst(A) in Figure 2b
proves that a sufficiently precise spectrophotometer and efficient
experimental technique were used. The position of the break point
on the sk(A) = f(k) curve in the factor analysis scree plot in
Figure 2b gives k = 2 with the corresponding coordinate s2(A) =
0.55 mAU (i.e., log s2(A) =-3.26) which may also be taken as the
actual instrumental error sinst(A) of the spectrophotometer used.
While the first Kankare method (denoted in Figure 1 as s(A))
estimates two species only, the other two methods of modified
factor analysis on the lower part of Figure 1 estimate three light-
absorbing components L2-, HL-, and H2L of the protonation
equilibrium. The absorbance-pH curves at three selected wave-
lengths (Figure 2c) have proven that the protonation equilibria
significantly affect the chromophore in the butorphanol molecule,
but both variously protonated species LH2 and LH

- exhibit similar
absorption bands. In the first run, the both dissociation con-
stants pKa1 and pKa2 and molar absorptivities of butorphanol by
SPECFIT/32 are estimated. The goodness-of-fit of spectra calcu-
lated and following graphical analysis of residuals (Figure 2d)
establishes sufficiently reliable estimates of the two dissociation
constants and three molar absorption coefficients. The estimated
mixed dissociation constants pKa1 and pKa2 at two temperatures
(25 and 37) �C in dependence on an ionic strength I are in Table 1.

Table 1. Dependence of the Mixed Dissociation Constants pKa of Butorphanol on Ionic Strength Using Regression Analysis of
pH-Spectrophotometric Data with SPECFIT at 25 �C and 37 �Ca

25 �C

ionic strength 0.0228 0.0418 0.0673 0.0895 0.1118 0.0134

SPECFIT pKa1 9.320(40) 9.282(40) 9.262(30) 9.256(40) 9.242(30) 9.224(30)

s(A) [mAU] 0.56 0.50 0.52 0.50 0.73 0.48

pKa2 9.454(50) 9.387(40) 9.398(30) 9.325(40) 9.298(50) 9.284(30)

s(A) [mAU] 0.56 0.50 0.52 0.50 0.73 0.48

SQUAD pKa1 9.322(20) 9.278(20) 9.265(10) 9.261(10) 9.246(20) 9.166(10)

s(A) [mAU] 0.73 0.66 0.36 0.61 0.82 0.62

pKa2 9.447(20) 9.386(10) 9.394(10) 9.307(10) 9.296(20) 9.284(10)

s(A) [mAU] 0.73 0.66 0.70 0.61 0.82 0.62

37 �C

ionic strength 0.0228 0.0418 0.0895 0.1118 0.1339 0.1562

SPECFIT pKa1 8.756(40) 8.652(41) 8.617(33) 8.577(30) 8.485(34) 8.501(70)

s(A) [mAU] 0.25 0.54 0.37 0.28 0.54 0.35

pKa2 9.098(60) 9.018(65) 8.852(66) 8.806(40) 8.754(76) 8.623(30)

s(A) [mAU] 0.25 0.54 0.37 0.28 0.54 0.35

SQUAD pKa1 8.782(30) 8.669(18) 8.676(15) 8.571(10) 8.482(14) 8.509(30)

s(A) [mAU] 0.45 0.76 0.57 0.43 0.72 0.51

pKa2 9.087(30) 9.014(21) 8.805(28) 8.814(20) 8.755(27) 8.614(10)

s(A) [mAU] 0.45 0.76 0.57 0.43 0.72 0.51
aThe standard deviations of the parameter pKa in the last valid digits are in parentheses.
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The reliability of the dissociation constants estimates foundmay be
tested using the following diagnostics.
The first diagnostic indicates whether all of the estimates pKa,r

and εr have physical meaning and reach realistic values for 16
values of pH spectra of butorphanol measured at 35 wavelengths.
As the standard deviations s(pKa) of parameters pKa and s(εr) of
parameters εr are significantly smaller than their corresponding
parameter estimates (Table 1), all variously protonated species
are statistically significant at a significance level R = 0.05. As the
two protonation models in the model search of Table 2 (first
model: L, HL, second model: L, HL, H2L) were tested, it may be
concluded that regression spectra analysis can distinguish among
these two models, and on the basis of a very good spectra fitting,
the model L, HL, H2L was proven.
The second diagnostic tests whether all of the calculated free

concentrations of the three variously protonated species on the
distribution diagram of the relative concentration expressed as a
percentage have physical meaning, which proved to be the case.
The calculated free concentration of the basic components and
variously protonated species of the protonation equilibria model

should show molarities higher than 10-8 M. As the numerical
values of protonation/dissociation constants and molar absorption
coefficients may not seem very interesting, a graphical representa-
tion (Figure 2e,f) is more illustrative, and graphs also form efficient
diagnostic tools in the search for the most probable chemical
model. A distribution diagram of relative concentration shows the
protonation equilibria of L, HL, and H2L in dependence on pH in
Figure 2f andmakes it easier to judge the contributions of individual
species to the total concentration quickly.
The third diagnostic concerning the matrix of correlation

coefficients in output of SQUAD(84) proves that there is an
interdependence of two pairs of protonation constants of butor-
phanol r(log β11 vs log β12) = 0.7910 which indicate that their
estimation will be more difficult.
The fourth diagnostic concerns the goodness-of-fit. It is easily

seen by examination of the differences between the experimental
and the calculated values of absorbance, ei = Aexp,i,j - Acalc i,j.
Examination of the spectra and of the graph of the predicted
absorbance-response surface through all experimental points
(Figures 1b and 2d) should reveal whether the results calculated
are consistent and whether any gross experimental errors have
been made in the measurement of the spectra. One of the most
important statistics calculated is the standard deviation of

Table 2. Search for a ProtonationModel of Butorphanol with
SQUAD(84) Analysis of A-pH spectra at 25 �C and Ionic
Strength I = 0.001a

first hypothesis second hypothesis

model hypothesis L, LH L, LH, LH2

k, sk(A) [mAU] 2, 0.52 3, 0.39

pKa1 9.151(21) 9.201(19)

pKa2 9.583(19)

s(A) [mAU] 2.70 0.64

s(e) [mAU] 2.70 0.64

|| [mAU] 2.00 0.40

g1(e) -0.0566 0.4309

g2(e) 3.74 3.49

R-factor [%] 8.99 2.07

model is rejected accepted
aThe standard deviations in the last valid digits are in parentheses.

Figure 3. (a) Plot of small absorbance changes in the spectrum of
butorphanol means that the value of the absorbance difference for the
jth-wavelength of the ith-spectrum Δij = Aij - Ai,acid is divided by the
instrumental standard deviation sinst(A), and the resulting ratios SER =
Δ/sinst(A) are plotted in dependence of wavelength λ for all absorbance
matrix elements, where Ai,acid is the limiting spectrum of the acid form of
the drug measured. This ratio is compared with the limiting SER value
for the methotrexate to test if the absorbance changes are significantly
larger than the instrumental noise. (b) The plot of the ratio e/sinst(A),
that is, the ratio of the residuals divided by the instrumental standard
deviation sinst(A) in dependence on wavelength λ for all of the residual
matrix elements for butorphanol tests if the residuals are of the same
magnitude as the instrumental noise.

Figure 4. (a, b, c, d) Spectra deconvolution of butorphanol from
Figure 1a into spectra of the individual species for four important values
of pH, proving that the experimental design is efficient enough. (e, f, g, h)
No systematic departures from randomness in residuals, proving that the
model proposed is satisfactory.
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absorbance, s(A), calculated from a set of refined parameters at
the termination of the minimization process. This is usually
compared to the standard deviation of absorbance calculated by
the INDICES program, sk(A), and if s(A) e sk(A) or s(A) e
sinst(A), the instrumental error of the spectrophotometer used,
the fit is considered to be statistically acceptable (Table 2). This
proves that the s2(A) value is equal to 0.52 mAU or s3(A) value is
equal to 0.39 mAU and is close to the standard deviation of
absorbance when the minimization process of SPECFIT termi-
nates, s(A) = 0.35 mAU. Although this statistical analysis of
residuals gives the most rigorous test of the degree-of-fit, realistic
empirical limits must be used. The statistical measures of all
residuals e prove that theminimum of the eliptic hyperparaboloid
U is reached with SQUAD(84): the residual standard deviation
s(e) = 0.64 mAU always has sufficiently low values. The graphical
presentation of the residuals in Figure 1b and 5b assists the
detection of an outlier spectrum point, a trend in the spectrum
residuals, or an abrupt shift of level in the spectra. The statistical
measures of all of the residuals from Figure 1b prove that the
minimum of the eliptic hyperparaboloid is reached: the mean
residual |eh| = 0.40 mAU and the residual standard deviation s(e) =
0.64mAUhave sufficiently low values. The skewness g1(e) = 0.43
is close to zero and proves a symmetric distribution of the

residuals set, while the kurtosis g2(e) = 3.49 is close to 3 proving
a Gaussian distribution. The Hamilton R-factor of relative fitness
is 2.07 % calculated with SQUAD(84) only, proving so an
excellent achieved fitness, and the parameter estimates may
therefore be considered reliable.
To express and analyze small changes of absorbance in the

spectral set, the absorbance differences for the jth wavelength of
the ith spectrumΔi =Aij-Ai,acid were calculated so that from the
absorbance value of the spectrum measured at the actual pH the
absorbance value of the acidic form was subtracted. The absor-
bance difference Δi was then divided by the actual instrumental

Table 3. Thermodynamic Dissociation Constants pKa
T for Butorphanol at Two Temperatures 25 �C and 37 �Ca

predicted PALLAS, MARVIN

estimated in this work

SPECFIT SQUAD

25 �C 37 �C 25 �C 37 �C

pKT
a1 9.465(9) 8.991(32) 9.465(15) 9.009(57)

pKT
a2 10.38, 10.70 9.642(22) 9.344(32) 9.634(23) 9.328(32)

aThe standard deviations in the last valid digits are in parentheses.

Figure 5. Upper row graphs: (a) the 3D absorbance-response surface
representing the measured multiwavelength absorption spectra for
3.38 3 10

-5 M zolpidem in dependence on pH at 25 �C and I = 0.006
(KCl), (b) the 3D residuals map after nonlinear regression performed with
SPECFIT and SQUAD (S-Plus). Low row graphs contain the Cattel's
index plot of eigenvalues in formof indicesmodifyingmethods as a function
of the number of principal components k for the pH-absorbance matrix
from Figure 4a. Left: Kankare's residual standard deviation, sk(A). Middle:
The residual standard deviation RSD(k). Right: The root-mean-square
error RMS(k). The arrows indicate that most of methods lead to two light-
absorbing species in pH-equilibrium mixture (S-Plus).

Figure 6. Nonlinear regression analysis of the protonation equilibria
model and factor analysis of 3.38 3 10

-5 M zolpidem in dependence on
pH at 25 �C and I = 0.006 (KCl): (a) the 2D absorption spectra
in dependence on pH at 25 �C; (b) the Cattel's scree plot of the
Wernimont-Kankare procedure for the determination of the number
of light-absorbing species in the mixture k* = 2 leading to the actual
instrumental error of the spectrophotometer used sinst(A) = 0.36 mAU
(INDICES in S-Plus); (c) the absorbance vs pH curves for (260, 292,
and 330) nm at 25 �C; (d) the scatter plot of residuals expressed with
the standard deviation of individual spectra in dependence on pH;
(e) the pure spectra profiles of molar absorptivities vs wavelengths for
species L and LH; (f) the distribution diagram of the relative concentra-
tions of species L and LH in dependence on pH at 25 �C. The charges of
species are omitted for the sake of simplicity (SPECFIT, ORIGIN).
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standard deviation sinst(A) of the spectrophotometer used, and
the resulting value represents the SER value. Figure 3a shows a
graph of the SER in dependence on wavelength in the measured
range for drug used. When the SER is larger than 10, a factor
analysis is sufficiently able to predict the correct number of light-
absorbing components in the equilibriummixture. To prove that
nonlinear regression also can analyze such data of small absor-
bance changes, the residuals set was compared with the instru-
mental noise sinst(A). If the ratio e/sinst(A) is of similar
magnitude, that is, nearly equal to one, it means that sufficient
curve fitting was achieved by the nonlinear regression of the
spectra set and that the minimization process found the mini-
mum of the residual-square-sum function Umin. Figure 3b shows
a comparison of the ratio e/sinst(A) in dependence on wavelength
for butorphanolmeasured. From the figure it is obvious thatmost
of the residuals are of the same magnitude as the instrumental
noise and so proves a sufficient reliability of the regression
process performed.
The fifth diagnostic, the spectra deconvolution in Figures 4 and 7,

shows the deconvolution of the experimental spectrum into spectra

of the individual variously protonated species to examine whether
the experimental design is efficient. In spectrophotometry a plot of
the experimental absorbance curve and a calculated absorbance
curve for each individual species in the mixture (Figure 3) is often
used. As the additivity of absorbance should be proven, the sum of
all of the absorbances of the variously protonated species at a given
wavelength should be equal to the experimental absorbance. The
resolution of each experimental spectrum of butarphanol into
spectra of the individual species proves the experimental design
of a pH-spectrophotometric titration which has been proposed to
be efficient enough (Figure 4a,b,c,d) and analogically for zolpidem
(Figure 7). If, for a particular pH range, the spectrum consists of just
a single component, further spectra for that range would be redun-
dant, although they could improve the precision. In pH ranges
where more components contribute significantly to the spectrum,
several spectra should be measured. Such a spectrum provides
sufficient information for a regression analysis which monitors at
least two species in equilibrium where none of them is a minor
species. Theminor species has a relative concentration in a distribu-
tion diagram of less than 5 % of the total concentration of the basic

Table 4. Dependence of the Mixed Dissociation Constants pKa of Zolpidem on Ionic Strength Using Regression Analysis of pH-
Spectrophotometric Data with SPECFIT at 25 �C and 37 �Ca

25 �C

ionic strength 0.0061 0.0294 0.0418 0.0673 0.0895 0.1117

SPECFIT pKa 6.329(7) 6.343(8) 6.370(4) 6.389(6) 6.403(4) 6.423(4)

s(A) [mAU] 0.79 0.86 0.72 0.77 0.63 0.72

SQUAD pKa 6.330(2) 6.344(2) 6.370(1) 6.389(2) 6.403(1) 6.423(2)

s(A) [mAU] 0.97 0.96 0.83 0.85 0.68 1.05

37 �C

ionic strength 0.0061 0.0294 0.0418 0.0673 0.0895 0.1117

SPECFIT pKa 6.142(8) 6.163(8) 6.166(4) 6.193(6) 6.208(7) 6.224(7)

s(A) [mAU] 0.59 0.82 0.4 0.62 0.74 0.53

SQUAD pKa 6.140(3) 6.163(2) 6.166(2) 6.193(2) 6.208(2) 6.229(3)

s(A) [mAU] 0.74 0.10 0.56 0.75 0.90 0.57
aThe standard deviations of the parameter pKa in the last valid digits are in parentheses.

Figure 7. (a, b, c) Spectra deconvolution of zolpidem from Figure 4a into spectra of the individual species for four important values of pH, proving that the
experimental design is efficient enough. (d, e, f) No systematic departures from randomness in residuals, proving that the model proposed is satisfactory.
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component cL. When, on the other hand, only one species prevails
in solution, the spectrum yields quite poor information for a
regression analysis, and the parameter estimate is rather unsure
and definitely not reliable enough. Spectrum de-
convolution seems to be quite an useful tool in the proposal of
an efficient experimentation strategy. As the protonation model
proposed represents here the data adequately, there are no syste-
matic departures from randomness in residuals. Table 1 shows that
the standard deviation of absorbance s(A) for an every set of pH
absorbance matrix reached very low value being quite close to the
instrumental error of spectrophotometer used, sinst(A), that is,
about 0.35 mAU. The graphical presentation of the residuals in
Figure 4e,f,g,h is of great help in the diagnostic of the rigorous
statistical analysis of residuals detecting, from example, no outliers
in spectra, no trend in the residuals, sufficiently frequent changes
of a sign of residuals, no detection of any abrupt shift of level in the
spectrum, and proving a symmetry in the residuals distribution.
Applying a Debye-H€uckel equation to the data of Table 1

according to the regression criterion (eq 6), the unknown
parameter pKa

T has been estimated. Table 3 brings point esti-
mates of the thermodynamic dissociation constants of butorpha-
nol studied at two temperatures. Because of the narrow range of
ionic strength the ion-size parameter �a and the salting-out
coefficient C could not be estimated here.
Thermodynamic parameters ΔH0 and ΔG0 have been deter-

mined from the temperature variation of dissociation constants
using van't Hoff's equation. The values of enthalpyΔH0(pKa1) =
63.9 kJ 3mol

-1 shows the dissociation process is endothermic.
Positive values of ΔG0 = 54.0 kJ 3mol-1 at 25 �C and ΔG0 =
55.0 kJ 3mol

-1 at 37 �C indicate that the dissociation process is
not spontaneous.
Zolpidem. The experimental spectra are acquired for the

titration of an acid in 3.38 3 10
-5 M zolpidem solution by a

standard solution of 1 M KOH to adjust pH value at 25 �C and
I = 0.006 (KCl). The pH spectrophotometric titration allows

absorbance-response data (Figure 5) to be acquired for analysis
with nonlinear regression, and the reliability of parameter esti-
mates (pK0

s and ε0s) can be assessed on the basis of the goodness-
of-fit test of residuals (Figure 6b). As the changes in absorbance
spectra are significant within deprotonation, both of the variously
protonated species L- and LH exhibit sufficiently different
absorption bands. The best region of the spectrum seems to be
(260 to 360) nm. In the first step of the regression spectra analy-
sis the number of light-absorbing species is estimated by the
INDICES algorithm (Figures 5 and 6b). The position of the
break point on the sk(A) = f(k) curve in the factor analysis scree
plot in Figure 5b is calculated and gives k* = 2 with corresponding
coordinate log(s2*(A)) = -3.44 which gives the value s2*(A) =
0.36 mAU. The goodness-of-fit establishes sufficiently reliable
estimates of the dissociation constant and molar absorption
coefficient. Figure 6e shows the curves of molar absorption
coefficients of L- and LH species in dependence on wavelength
and Figure 6f the distribution diagram of L- and LH species
in dependence on pH. The estimated dissociation constant pKa

at two temperatures (25 and 37) �C in dependence on an ionic
strength I is in Table 4.
The thermodynamic dissociation constants as the unknown

parameter pKa
T was estimated by applying a Debye-H€uckel

equation to the data in Tables 3 and 4 and Figures 8 and 9
according to the regression criterion; Tables 3 and 5 show point
estimates of the thermodynamic dissociation constants of the two
drugs, butorphanol and zolpidem, at two temperatures. Because of
the narrow range of ionic strengths the ion-size parameter �a and the
salting-out coefficient C could not be estimated.
Thermodynamic parameters ΔH0, ΔG0, and ΔS0 have been

determined from the temperature variation of dissociation con-
stants using van't Hoff 's equation. The values of enthalpy ΔH0-
(pKa1) = 29.2 kJ 3mol-1 show that the dissociation process
is endothermic. Positive values of ΔG0 = 36.1 kJ 3mol

-1 at
25 �C and ΔG0 =36.4 kJ 3mol-1 at 37 �C indicate that the
dissociation process is not spontaneous, which was confirmed by
a negative value of entropy ΔS0 = -23.3 J 3mol-1.

’ LITERATURE COMPARISON

It is wise before starting a regression to analyze actual
experimental data, to search for scientific library sources to
obtain a good default for the number of ionizing groups, and
numerical values for the initial guess as to relevant stability
(protonation) constants and the probable spectral traces of
all the expected components. The programs PALLAS11 and
MARVIN37 provide a collection of powerful tools for making a
prediction of the pKa values of any organic compound on the
basis of base on the structural formulas of the compounds, using
approximately 300 Hammett and Taft equations. Depending on
the nature of the chemical structure and based on the hypothesis

Figure 8. Dependence of the mixed dissociation constant pKa of
butorphanol on the square root of the ionic strength, leading to the
thermodynamic dissociation constant; pKa,1

T = 9.46(1) and 8.99(3) and
pKa,2

T = 9.64(2) and 9.34(3) at (25 and 37) �C (ADSTAT, ORIGIN).

Figure 9. Dependence of the mixed dissociation constant pKa of
zolpidem on the square root of the ionic strength, leading to the
thermodynamic dissociation constant; pKa,1

T = 6.33(3) and 6.14(1) at
(25 and 37) �C (ADSTAT, ORIGIN).

Table 5. Thermodynamic Dissociation Constants pKa
T for

Zolpidem at Two Temperatures 25 �C and 37 �Ca

predicted

PALLAS, MARVIN

estimated in

this work

SPECFIT SQUAD

25 �C 37 �C 25 �C 37 �C

pKT
a 6.35 6.335(27) 6.137(10) 6.333(32) 6.137(41)

aThe standard deviations in the last valid digits are in parentheses.
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that the ionization state of a particular group is dependent upon
its subenvironments constituted by its neighboring atoms and
bonds, a hierarchical tree is constructed from the ionizing atom
outward. Predicted values of two dissociation constants for butor-
phanol are pKa1,pred = 9.60 and pKa2,pred = 10.38 and for zolpidem
pKa1,pred = 6.37. An agreement with values found in literature
shows protonation schema in Figure 10 and in Table 3 and 5.

’CONCLUSIONS

When drugs are very poorly soluble, pH-spectrophotometric
titration may be used with nonlinear regression of the absor-
bance-response surface data instead of performing a potentio-
metric determination of the dissociation constants. The
reliability of the dissociation constants of the two drugs, butor-
phanol and zolpidem, may be proven with goodness-of-fit tests
of the absorption spectra measured at various pH values. The
dissociation constant pKa was estimated by nonlinear regression
of {pKa, I} data at (25 and 37) �C: for butorphanol pKa,1

T =
9.46(1) and 8.99(3) and pKa,2

T = 9.64(2) and 9.34(3); for
zolpidem pKa,1

T = 6.33(3) and 6.14(1), where the standard
deviation in last significant digits is in parentheses. Goodness-
of-fit tests for various regression diagnostics enable the reliability
of the parameter estimates to be determined.Most indices always
predict the correct number of components when the SER is still
much higher than 10. The Wernimont-Kankare procedure in
INDICES performs a reliable determination of the instrumental
standard deviation of spectrophotometer used sinst(A), predicts
the number of light-absorbing components present nc, and can
also solve an ill-defined problem with severe collinearity in the
spectra or very small changes in spectra.
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