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A global least-squares technique is developed to assist in the critical evaluation of data 
consisting oflarge sets of measurements. The technique is particularly designed to handle 
sets of data where many of the measurements are relative measurements. A linearization 
procedure is used to reduce the inherently nonlinear problem to a traditional multivariate 
linear regression. The technique developed here is used to evaluate extinction coefficients, 
€'s, of triplet-triplet absorption (ITA) spectra of organic molecules in condensed phases. 
A previous assumption, that there are no solvent effects on the IT A spectra, is investigat­
ed and modified so that a group of compounds measured in benzene is treated separately. 
The set of 445 €'s obtained from the global least-squares fit, including these solvent effects, 
is presented in the accompanying tables. How these least-squares results can be used in a 
hierarchy of IT A c standards is discussed. Further solvent effects such as the separation of 
polar and nonpolar media and the influence of temperature are probed. 

Key words: condensed phase; data compilation; extinction cOefficients; least-squares method; solu­
tion; statistical analysis; triplet states; triplet-triplet absorption. 
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1. Introduction 
Most of what is known about the microworld of physics 

and chemistry has been revealed by a variety of scattering 
experiments. 1 The fundamental quantity obtained from 
scattering experiments is a cross section for the process un­
der investigation. In light absorption such cross sections are 
commonly obtained from the integrated form of Beer's law,2 

1(,1) = 10(A)e - U(A)'1/ , (1) 

whereIisthe intensity oflight transmitted through the sam­
ple, 10 is the incident intensity, 0"(,1) is the absorption cross 
section at the wavelength, A, under investigation, 1] is the 
concentration of absorbers (in molecules/cm3

), and lis the 
path length in cm. An equivalent statement of Beer's law, 
which is more convenient for condensed phase work, is given 
by 

(2) 

where c is the concentration of the absorber in mullL and E is 
the molar extinction coefficient. The extinction coefficient 
then contains the same information as the cross section for 
absorption. Because of its ('lirect relationship to the cross 
section, the extinction coefficient is of fundamental impor­
tance for the characterization of systems interacting with 
light. 

However, from a more practical point of view, a knowl­
edge of the extinction coefficient is desired for two different 
reasons. First, E as a function of A can be used as a fingerprint 
of the species under study, and second E, along with Beer's 
law Eq. (2), gives a means of measuring concentrations. 
Both of these uses for extinction coefficients are extremely 
important in the study of short-lived transients, which is the 
subject of this work. 

In this work we will be evaluating the location and ex­
tent of the absorbance of a class of metastable excited states 
of organic molecules in solution. The excited states under 
study are the triplet states of these molecules. In a previous 
work,3 we concentrated mainly on characterizing the spec­
tra of these transients by compiling all the A max of the known 
triplet-triplet absorption (TTA) spectra. We also touched 
on evaluating the extinction coefficients themselves, and de­
veloped tentative standards. In the current paper, we will 
look in more detail at the evaluation of the triplet-triplet 
extinction coefficients. 

The preliminary evaluation of the measured extinction 
coefficients in our previous work3 started with the observa­
tion that for a given compound, the scatter in the data was in 
general as large as, or larger than, the scatter between mea­
surements in different solvents and/or at different tempera­
tures. This observation was put to a series of statistical tests 
using the data on anthracene, which was by far the most 
studied compound. The measurements on anthracene af­
forded a wide variety of opportunities to look at extinction 
coefficients measured in different environments such as po­
lar versus nonpolar, low versus high temperature, and var­
ious combinations of these categories. The categories were 
initially tested pairwise, using t-tests,4 to see whether the 
hypothesis, "the extinction coefficients from the two envi­
ronments are the same," was false. In all the categories of 
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environment tested, the hypothesis was not seen to be violat­
ed at conventional (5% or 1 %) levels of statistical signifi­
cance. 

Furthermore, a similar hypothesis was tested by doing 
an Analysis ofVariance4 (ANOVA) on many of the same 
categories of the anthracene data. Although the ANOV A 
procedure has some restrictions that are not shared by a 
series of t-tests,5 it has the advantage of dealing with all the 
environmental categories at once. The basic idea of ANOV A 
is to test the hypothesis concerning whether or not there is a 
statistical difference between M groups of measurements by 
looking to see whether the. variation between the groups is 
larger than the variation of the measurements within the 
groups. If the variation between groups is larger (by an 
amount determined by an F distribution), then an hypothe­
sis that there is no difference between the groups would be 
rejected. When an ANOV A was done on the groups of anth­
racene3 E'S corresponding to different environments, no sta­
tistical differences were found between the groups at the tra­
ditionallevels of significance. 

These statistical results on anthracene show that, for 
the data available in the literature, there are no statistically 
significant solvent and temperature effects. This result was 
generalized in our previous work3 to apply to all the com­
pounds. This assumption will be further investigated in the 
present work and will be shown tu lx:: ill Ilet:U ufmudification 
if the data are to be adequately represented. The advantage 
of this assumption is that, if it can be made, a whole series of 
statistical procedures can be brought to bear on the measure­
ments. 

2. General Methodology 
In general, the primary physical quantities whose val­

ues are to be obtained are not directly accessible to measure­
ment. The quantities actually measured are often secondary 
physical quantities which can be complicated functions of 
the primary physical quantities. For example, 

Fq (St,S2"",Sp)=Aq , q=l,n (3) 

might represent the measurement of a secondary quantity Aq 
that is a complicated function of the set of primary quantities 
{ Sj} whose values are unknown but desired. One useful 
form that Fq can take is that of a product of the primary 
physical quantities, each raised to some power, Le.,6 

p 

Fq( S~,S2'''''Sp) = IT t?, q = t,n. (4) 
J= t 

The exponents ajq in Eq. (4) represent the power of the jth 
physical quantity in the qth measurement. This form of Eq. 
(4) is appropriate for the problem of choosing the best E'S 

because their equations will involve products of the un­
known E's raised to the powers of 1, 0, and - 1. 

To complete a formalism of measurements, some ac­
count must be made of errors in real measurements. The 
experimental error in the qth measurement Diust be a func­
tion of the difference between Fq , which is a function of the 
true physical quantities, and A g , which is a result of a real 
measurement. For the single-product form of Fq , the error 
can be represented as 
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p TIt;jq (l-rq ), q=l,n, (5) 
j=! 

where Aq is a number resulting from the qth measurement 
and r q is the relative fractional error in A q • There are p pa­
rameters {~} in the set of primary physical quantities 
whulS~ Ylllu~s Ilre UUkUOWli. 

Mathematically the general problem can be stated as 
how can the values for the p physical quantities {tj } be 
obtained starting with the n mea.o;ured Aq 's? If some set of 
measured values for { t) is put into the left-hand side ofEq. 
(5), the result will not giveAq in general. To make Eq. (5) 
acceptable, rq must be added to make the equation valid. In 
fact the set of equations represented by Eq. (5) would likely 
be inconsistent without the r/s. As long as n> p and all of 
the r q 's are zero, the set of equations, represented by Eq. (4), 

is overdetermined. 
One common method used to deal with such math­

ematical problems, where the original problem is overdeter­
mined. is a technique of Legendte called the Method of Lea.st 
Squares. It has been derived from many principles and has 
been presented in many forms.7 The derivation that illus­
trates the statistical assumptions best starts with the Princi­
ple of Maximum Likelihood, which states that the r q'S are 
such that the probability, 

n 

P(r l ,··],,) = IT p~ (6) 
q=! 

is maximum. Ifit can be assumed that the rq 's can be charac­
terized by a Gaussian probability distribution with a mean of 
zero, 

Pq (r<rq <r + dr) = [exp( - ~/2cr; )/uq .J21T] dr, (7) 

and ifthe Principle of Maximum Likelihood is invoked, then 
it is easy to see that this will be true when the exponent in 

P(rl, .. ·,rn ) = exp( - itt ~2 ) !~X Ui~ (217Y (8) 

is a minimum. This leads directly to the least-squares condi­
tion for 

n r.'/' 
Q= 2: --T 

i= t U i 

(9) 

to be a minimum. 

2.1 Statement of Extinction Coefficient Problem 

Foe e.ll.tulI;;tiull cu~mcientlj there are two general types 
of measurements. One type is absolute, where the extinction 
coefficient is measured directly, as in the total depletion 
method.3 For absolute measurements, Eq. (5) reduces to the 
simple form of 

Ea = Eai (1 - rai ), for ail ai absolute, (10) 

where the ea's are the unknown extinction cuefficients and 
the Eai'S are the measured extinction coefficients of com­
pound a in the ith experiment. The Ea 's are the quantities to 
be determined and are the physical quantities { t) in Eq. 
(5). The Ea;'S correspond to the Aq's in Eq. (5) for the abso­
lute measurements of extinction coefficients. 

The other type of measurement gives relative values of 

extinction coefficients. The set of equations in this caSe is 
given by 

Ea 
-;;- = Tai,bj (1 - rai,bj) ' for all relative ai,bj. (11) 
·<:b 

Equation (11 ) holds for all sets of molecules d and b and for 
all measurements i of molecule a and all measurements j of 
molecule b. Tow is the ratio of the optical densities. OD, 
between the unknown a and the reference b in the ith mea­
surement of compound a. Here, we recover the experimental 
Tai,bj'S from the reported extinction coefficient of a in the ith 
measurement Eai and from the reference extinction coeffi­
cient of b used in the experiment, Ebj . 

(12) 

In other words Ebj is usually from a different work than the 
paper reporting the estimation of Ea;' The Tai,bj'S are the ba­
sic measured quantities in the relative technique for the esti­
mation of E'S. They are the Aq 's in Hq. (5) tor relative mea­
surements. 

The set of Eqs. (10) and (11) foim the total set of ex­
tinction coefficient measurement equations analogous to the 
general measurement Eq. (5). In this work we will choose 
the variances u/ (or weights) in the least-squares equation, 
Eq. (9) to be equal. Some justification for this is given in the 
statistical tests of Ref. 3. With the choice of equalu?'s and 
with thera/s from Eq. (10) and therai,b/s ofEq. (11), the Q 
inEq. (9) can be formed. ThisQ has only to be minimized to 
obtain the least-squares equations. 

The minimization is not straightforward in the case of 
the extinction coefficients because of the nonlinear depen­
rll'nce of the r's on the E's. Several methods can be used. First, 
Q can be differentiated with respect to each member of the 
set {Ej }, and the resulting derivatives can be set to zero. It is 
easy to show that the resulting equations are nonlinear equa­
tions in the set of variables {e). Such equations make this 
approach unattractive as a general rule. However this result 
does show that the least-squares equations cannot be inter­
preted as sdf-cunsistent averages of the set {c), since ·self­
consistent averages must be linear functions of the set {E). 
The second approach is to make a logarithmic8 transforma­
tion of Eqs. (10) and (11). This technique was used in our 
previous work. 9 The third method, which is the method used 
here, is to expand the ratios of the physical quantities such 
that only the linear terms are kept in the end~ 

2.2. Derivation of the Normal Equations 

Rather than do a formal expansion, a simple algebraic 
exercise can lead to the desired equations. The procedure is 
first to define three new types of quantities, 

Ec -~ 
Zc = , 

~ 
(13) 

(14) 

(15) 
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aU of which are expected to be small. Then after a few steps of 
algebra, Eqs. (10) and (11) can be written in terms of these 
three types of quantities and in terms of the relative errors. 
The results are 

(16) 

for Eq. (10) and 

za = Zb + SaW 'al,bj + ZbSai.bi 

- rai.bi~b - I"al,bjSai,bj - I"al,b/~bSai,bj ( 17) 

for Eq, (11). No approximations have yet been made. 
Fromthe definitions ofthe parameters (z, S, and r) in 

tht:st: t:ll uations, it is tu bt: expt:l;tt:d that they an:: small if the 
set {EO} is properly chosen. The assumption is thus made 
that the five types of quantities, Zc' Sci' Sci.d} , rei' and rci•di ' are 
all much smaller than one. It is then possible to simplify Eqs. 
( 16) and (17). The terms having two or more factors can be 
ignored giving 

(18) 

for Eq. (16) and 

(19) 

for Eq. (17). 
These "linearized" expressions can be put back into the 

sum-of-the-squares expression, Eq. (9), giving 

Q 2: (Sal - za)2 + 2: (Sal,b) + Zb - za)2 • (20) 
oj a",bj 

There are n terms in Eq. (20), one for each separate mea­
surement. The set {zc} that minimizes Q is found by setting 
to zero each of the p derivatives of Q with respect to ZC' The 
resulting set of p equations is given by a general expression 

+ k ( - Sbj,oi + Zb)' for all c . (21) 
bi,i 

This is the set of normal equations for the least-squares meth­
od. In Eq. (21), the second sum is over all relative measure­
ments of c (represented by i,bj), where c was explicitly used 
as the unknown. The third sum is over all relative measure­
ments of c (represented by bj,i) where c was used as the 
standard. Nc is the total number of all these measurements 
ofc. 

The set of equations represented by Eq. (21) is a set of p 
linear equations for the variables Zc' It should also be noted, 
first, that the linear equations represented by Eq. (21) can­
not easily be interpreted as a self-consistent average for the 
zc's. Also at the end of Sec. 2.2.1. we sketched a proof that 
the normal equations cannot be interpreted as self-consistent 
averages of the Ec'S. This contrasts to the singlet oxygen 
case9 where the equations can be interpreted as a self-consis­
tent average of the logarithms of the data items. Second, it 
should again be noted th;1t the sum-of-the-squares expres­
sion, Eq. (20), involves a sum over all measurements. This 
means every relative measurement will contribute a term to 
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two different equations in the set of equations represented by 
Eq. (21). This is because it is possible to consider that a 
molecule b is being measured even when it is used as a stan­
dard.9 However, this principle can be seen to follow directly 
from the derivation of Eq. (21). Any attempt to eliminate a 
term in the set of equations represented by Eq. (21) may be 
appropriate if a self-consistent set of averages is being calcu­
lated, but interpreting the results of such a calculation as a 
least-squares solution is then not possible. 

2.3. Numerical Solution to the Normal Equations 

Equation (21 ) is the basic set of equations that was used 
to obtain the least-squares extinction coefficients. The set of 
equations can be rearranged 

- 2: Sbj,e;' for all c, 
bj,l 

and written in a matrix notation, 

Nz=a, 

(22) 

(23) 

which is more suggestive for obtaining a solution. In Eq. 
(23) the matrix N has diagonal elements equal to the total 
number of measurements of compound c. These include ab­
solute measurements, relative measurements where com­
pound c is the standard, and relative measurements where 
compound c is the unknown, The matrix N is symmetric, 
and its off-diagonal elements, N b•e , are equal to the negative 
of the number of relative measurements for compounds b 
and c. This counting of relative measurements is indepen­
dent of whether b or c was used as the standard. Only off­
diagonal elements corresponding to pairs of compounds 
measured relative to one another have nonzero elements. 
The cth component of the z vector in Eq. (23) is given by Ze 

in Eq. (13), and the cth component ofthe a vectoris given by 
the right-hand side ofEq. (22). 

The set of equations represented by Eqs. (22) or (23) is 
a set of p linear equations for the p uuknowll zc's, whidl i:ut: 

directly related to the least-squares estimators of the extinc­
tion coefficients. Here, p ~ 4 50 and the solution was obtained 
by matrix factorization techniquE'.!I..IO lnversion of the. matrix 
N was later necessary to generate confidence intervals. 

. Preliminary to a solution of the normal equations of the 
least-squares problem, a large amount of data processing 
had to be done in order to fill in the matrix elements ofN and 
the vectors z and a. Since the information on extinction coef­
ficients was already in a ftle that was being used in the Radi­
ation Chemistry Data Center Database, II only some modifi­
cations to existing programs in the database management 
system had to be made. One important part of the prepro­
cessing was to choose the set {€~} to compute the compo­
nents of the z vector in Eq. (13) and the components of the a 
vector, given by the right-hand side ofEq. (22). Initially the 
set {~} was chosen so that each €~ was the average of all the 
reported measurements on compound c. Another important 
item of preprocessing involved dropping terms in the normal 
equations that corresponded to self-relative measurements. 
These terms tilll to appear becau'se oBhe linearization proce-
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dure adopted. Other items dropped in the preprocessing 
were € measurements deemed as involving systematic er­
rors,3 heterogeneous systems, and mixed crystals. For the 
purpose of this analysis, measurements that violated3 Chau­
venet's criterion 12 were considered as systematic errors. 

The solutions that were obtained from the linear equa­
tion solver after such preprocessing were such that most 
components of the z vector were much less than unity, which 
is the criterion for the linearization procedure to be valid. 
Wht:Il tht: liut:l:lr1zatiuIl mt:thml WI:lIS UISt:U un the funuamental 
constant of physics, the components of the z vector were of 
the order of parts per thousand or less.6 In that application 
the normal equations were set up once and solved once. 
However, since the components of the z vector from the 
ITA project are of the order of 0.1 for most compounds, 
following the above procedure, it was deemed necessary to 
introduce an iterative process to correct for the neglect of 
nonlinear terms [terms ignored in Eqs. (16) and (17)] in 
the process of obtaining the normal equations. The iterative 
ISchemt: WI:lIS tu ulSe the solution (the z vector) to the normal 
equations to compute the best-fit €'s via Eq. (13) and to use 
these best-fit e's as the new set {~}. This set {€~} was then 
used to foqn the new normal equations, and these normal 
equations were solved using the linear equation solver. 

On the second pass through the procedure there was 
some change in the individual zc's. However, on successive 
passes the solutions quickly converged with the individual 
components of the z vector reaching values much less than 
unity. It was found that it only took about five pllSses 
through the process for all of the individual components to 
become sufficiently small. Even after two iterations only a 
few components of the z vector remained of the order of 0.1. 

As the iterations were performed, checks were imple­
mented to make sure that the procedures were running 
smoothly. The sum of the squares of differences in extinction 
coefficients was checked to ensure that it was in fact decreas­
ing. The measure used for this test was the sum of the squares 
of the components of the z vector, namely, the square of the 
norm of the vector. The overall drift in values on successive 
iterations was also investigated. For this check a global aver­
age of the p extinction coefficients at the end of each iteration 
was used as a measure of this drift. No such drift was found. 

3. Results and Discussion 

3.1. Treatment of Benzophenone ~etyl Radical 

Before the least-squares computation on the ITA could 
be run, a preliminary decision had to be made on how to 
handle reference extinction coefficients that are not in the set 
of IT A e's. The most important example of reference e's for 
species not in this set is the benzophenone ketyl radical. The 
absorption of this radical was used as the nominal reference 
in 36 measurements and was the primary standard in the 
Bensasson and Land (BL) measurements. 13 

3.1.1. Preliminary Least·Squares Calculations 

Two ways to deal with these extra standards were tried. 
The first way was to treat the E for the ketyl radical on an 

equal footing with the ITA extinction coefficients and let it 
float in the fitting procedure. When this was done, under the 
assumption of no solvent effects, the best fit for benzophen­
one ketyl radical was 4320 L mol- I cm -I. Other results 
from this fit for four of the most important standards were 
61 500, 9160, 32 600, and 22 000 L mol- I cm -I for anthra­
cene,benzophenone, biphenyl, and naphthalene triplets, re­
spectively. The second treatment of the benzophenone ketyl 
radical was to use its € as a fixed standard,I3 3700 
Lmol- 1 cm- I

• To implement such a procedure, all of the 
relative measurements using benzophenone as' a standard 
were renorrnalized, if necessary, to the 3700 value, and the 
resulting measurements Were treated as though they were 
,absolute measurements. The least-squares fit with this sec­
ond treatment of the € for the ketyl radical gave roughly the 
same results as the first treatment for most of the triplet 
states. For example anthracene, biphenyl, and naphthalene 
were 59 700, 32 000, and 21 300 L mol- 1 cm - 1, respective­
ly. As expected, these frequently used standards showed 
larger changes, in general, than compounds with fewer mea­
surements. Another commonly used reference, the benzo­
phenone triplet, showed a particularly large change, going to 
8760 L mol-I em-I. 

3.1.2. Fixed versus Floating f' for Ketyl Radical 

Based on several considerations, it was decided to fix 
the ketyl radical at 3700 L mol-I cm- I

. First, using both 
treatments of the ketyl radical gave the best-fit e's much 
higher than expected for the benzophenone triplet l3

•
14 (7630 

and 7220), but letting the ketyl radical's value float gave the 
poorer result of the two treatments. Second, we could not 
explicitly identify which (and how many) BL n values really 
used the value of 3700 for the benzophenone ketyl radical as 
a reference. Bensasson and Land used a least-squares proce­
dure for obtaiuing extinction cut:fficit:utlS uf I:l limited set of 
compounds that they measured over a number of 
years. 13.15.16 From their papers it is possible to follow their 
network of relative measurements to a large extent, but they 
published no details of their least-squares procedure. For 
this reason their network of relative values was incompletely 
specified for our purpose, and we chose to treat some of their 
major results as absolute measurements. The measurements 
so treated are the ones listed in Table 6 of Ref. 3 as being 
relative to benzophenone ketyl radical. I3 In summary, 
chuulSing 3700 L mol- I cm - 1 for the benzophenone ketyl 
radical gives better results for the benzophenone triplet and 
is consistent with treating some of the BL values as pseu­
doabsolute measurements. 

Implicit in the judgments of the preceding paragraph, 
there is a non-numerical weighting scheme. In Ref. 3, we 
took the 7220 L mol- 1 cm -I value14 for benzophenone tri­
plet and certain BL values as the tentative standards. In the 
following analysis, we continue to use these values as guides 
in evaluating results of the least-squares procedures. These 
particular standard E values were measured in the spirit of 
obtaining benchmarks for ITA extinction coefficients, and 
from our assessment of the experimental works, we have no 
reason at this time to say that the authol's failed in the~l' goal. 
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3.2. Solvent Effects 

From the results of the statistical tests on the data re­
ported in our previous work3 and summarized in Sec. 1, 
there was reason to believe that solvent effects could be ig­
nored in arriving at a least-squares fit to the data. When such 
a calculation is done using the assumption of no solvent ef­
fects, the partial results are given in Sec. 3.1.1. The results 
are quite reasonable, in general, and roughly agree with the 
simple averages in Table 5 of Ref. 3, in which no attempt was 
made to correct relative measurements with uniform stan­
dards. The moderate success of the calculation shows that 
the method is not limited by the large size of the matrices 
involved in this problem. 

3.2.1. Criticism of the No-Solvent-Effect Assumption 

However, once the feasibility of the computations was 
assured, a more critical look at the results was necessary. 
The biggest problem with the least-squares procedure, used 
in conjunction with the assumption of no solvent effect, is 
that the best-fit E for the benzophenone triplet is much too 
high. The value of 8700 L inol- I cm -I does represent a val­
ue that might be interpreted as a general purpose number as 
opposed to the values of 722014 and 763013 Lmol- I cm- I 

which are specifically for benzene. A closer look at the ben­
zophenone triplet measurements shows that the majority of 
measurements of its TIA E are in benzene. It would be ex­
pected that the best fits would thus approach the benzene 
value. 

, The reason that it fails to approach this value is that in 
the benzophenone measurements the reference compounds, 
generally aromatic hydrocarbons, have best-fit € values 
which are artificially too high for benzene. The source of this 
problem is the systematic variation in certain aromatic hy­
drocarbons that have broader ITA (and hence, smaller E'S) 

in benzene than many other common solvents, in particular, 
cyclohexane. l.'\ Since the least-squares E'S are roughly an 
average over solvents, the reference E'S are higher than ex­
pected for measurements in benzene. However these high 
values are, in effect, used to calibrate all relative measure­
ments, whether in benzene or not. This leads to high values 
for compounds that have been measured predominately in 
benzene and relative to the aromatic hydrocarbons. Such is 
the case with benzophenone triplets. 

3.2.2. Test Calculation on a Small Sample of Benzene-Only Results 

These considerations suggest that it will not be possible 
to treat the TTA €'s as totally solvent independent because of 
the particular network of connected relative measurements 
in the ITA uala. The results in benzene play too central a 
role in this network and the variations of the benzene results 
are too systematic, implying that the results in benzene 
should be separated from results in other solvents. In order 
to test the extent of the benzene solvent effects, a separate 
calculation was done to see whether reasonable least-squares 
fits could in fact be obtained for the benzene data alone. This 
was done in an attempt to isolate the source ofthe high ben­
zophenone triplet values. There are nearly 50 reported mea­
surements that use benzophenone triplet as a reference, and 
any group of these could be causing the high values. 
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In order to perform the calculation, E results in benzene 
were taken from a selected group of compounds. The com­
pounds chosen were ones that had a total of five or more 
measurements in any solvent. (This core of E values in ben­
zene was chosen with the view that they might be used for ' 
more extended calculations on the whole setofTTA mea­
surements.) The least-squares calculation was carried out 
on the limited set of measurements of E in benzene, and the 
results are listed in the 3rd column of Table 1. There were 20 
compounds in all, with 46 measurements. The agreement 
with the BL values l3 in benzene, listed in the 6th column of 
Table 1 is quite satisfactory. In particular the value of the 
bellwplJt::Ilune triplet is 7320 L mol 1 cm 1, compared to 
their value of 7630 L mol- I cm -1. The agreement between 
the values in columns 3 and 6 is not too surprising since the 
BL values in benzene form a large subset of all the benzene 
measurements used to obtain the results in column 3. How­
ever, it does show that the procedure works and supports the 
speculation that benzene needs to be segregated. 

3.2.3. Correlation Analysis 

Another way to investigate the influence of measure­
ments throughout the complex of a network of relative mea­
surements is to do a correlation analysis. The simplest way to 
do this is to compute the correlation coefficients for each 
pair of compounds. This can be done using the ill Vt:flit: uf the 
N matrix defined in Eq. (23). The linear correlation coeffi­
cient is given by6 

(N- I ) 
'be = b,c (24) 

. ~ [(N ih,b (N i)c,c] 

Even in these benzene-only calculations, benzophenone is 
correlated to other measurements (see the results in column 
3 of Table2). For example, the largest correlation coeffi­
cients ofbenzophenone with other compounds were + 0.53, 
+ 0,41, + 0.33, + 0.32, + 0.23, and + 0.23 for naphtha-

lene, anthracene, 9,1O-diphenylanthracene, triphenylene, 
benz[a]anthracene, and phenanthrene, respectively. Any 
outside measurement that raises any of the E's ofthese com­
pounds, especially naphthalene, could have a large upward 
effect on benzophenone also. 

3.3. Least-Squares Estimators of €'s-the Global Fit 

Since the core of the network of relative measurements 
depended so heavily on measurements in benzene. it was 
decided to separate out just those measurements treated 
above in the benzene-only trial run. Those compounds, list­
ed in Tables 1 and 2, were treated as separate compounds­
one compound if they were in benzene and another com­
pound if they were in a nonbenzene solvent. The output from 
the least-squares procedure is given for the selected com­
pounds in column 4 of Table 1, for the benzene results, and 
column 5 of Table 1,Jor the nonbenzene results. Correlation 
coefficients of these same 20 compounds with respect to ben­
zophenonelbenzene are also given in columns 4 and 5 of 
Table 2 for benzene and nonbenzene solvents, respectively. 
All 445 of the Evalues from the global fit are listed in Table 3. 

As usual the extinction coefficients are computed from 
the final z vector using Eq. (13). In order to obtain the val-
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TAHI.I~ 1. Comparison of least-squareR fits of TTA extinction coefficients (E, L mol-I em-I) to reference standards 

No. Compound ( .... 110noifl"l/nm) E (benzene set) E (global-fit, E (global-fit, E (BL, E (BL, 
ben zene set) non benzene set) benzene) cyclohexane) 

Acridine (440) 25400 ± 5140 25400 ± 8160 23800 ± 4720 24300 31500 

2 Anthracene (430) 50000 ± 7010 49800 ± 8370 61900 ± 6160 45500 54700 

3 Benzophenone (525) 7320 ± 860 7870 :':: 1200 6250 ± 1250 7630 

4 Biphenyl (360) 25100 ± 4270 25000 ± 4410 37000 ± 4300 27100 42000 

5 Nd.!1hL1".h,"" (416) 13200 :!: 2130 14400 :t 2900 24100 :!: 2780 132UU 24bUU 

6 Benz[ Il)anthracene (490) 19700 ± 5010 19800 ± 6790 26200 ± 4880 20500 28800 

7 Phenanthrene (490) 15100 ± 3840 15600 ± 6270 26800 ± 4680 15700 25200 

8 I"yrene (4Ui) 20900 :!: 7310 201llJU :t llBIJU 377UU ± 12100 20900 30400 

II 'friphenylene «30) 5760 :t 2120 6190 ± 3570 J3500 ± 2650 

to 3-Carbethoxypsoralen (450) 6950 ± 2700 6910 ± 4030 3730 ± 860 

11 I~-Ilpo-Carotenal (480) 119000 ± 41 600 114000 ± 77800 116000 ± 46000 

]2 9,lO-Diphenylanthiacene (445) 13900 :t 3170 14500 ± 411110 15600 ± 6240 

13 1,4-Diphenylbutadiene (390) 45000 ± 15700 45000 ± 25000 fi4500 ± 15100 

14 1,6-Diphenylhexatriene (420) 104000 ± 27300 105000 ::: 32200 114000 ± 27300 

15 1,8-Diphenyloctatetraene (440) 169000 ± 44200 178000 ± 60000 198000 ± 50900 

16 Duroquinone «90) 7050 ± 1530 7030 ± 2330 6310 ± 1610 6950 5330 

17 C l7-aldehyde (440) 64700 :!: 16900 58300 ± 25300 52000 ± 15600 

18 all-trlln,..Retinal (450) 62000 ± 16200 58400 ± 24100 69300 ± 11701) 

19 TMPD (620) 12200 ± 4270 12200 ± 67S0 17000 :t: 4000 12200 

20 Zinc(lI) phthalocyanine (480) 51000 ± 17800 51000 ± 28400 28900 ± 8030 

TAAU': 2. Correlation coefficients of benzophenone/benzene with respect to some other compounds 

No. Compound (~no"'ill .. dnm) 'ij (benzene set) 'Ij (global-fit, 
benzene set) 

'ij (global-fit, 
non benzene s!'t) 

Acridine (440) O.OOE+OO O.OOE-tOO 3.07E-02 

2 Anthracene (430) 4.12E-Ol 3.07E-O! 8.69E-02 . 

3 Benzophenone (525) 8.78E-04 

4 Biphenyl (360) 1.1SE-Ot 6.93E--02 2.01E-02 

5 Naphthalene (415) 5.30E-Ol 5.2IE-Ot 1.09E-02 

6 Benll[IlJanthracene (490) 2.30E-Ol l.80E-01 6.56E-03 

7 Phenanthrt'ne (490) 2.30E-Ol 1.91E-01 4.71E-04 

8 Pyrene (415) O.OOE+OO O.OOE+OO O.OOE-tOO 

\} Triphenylene (430) 3.17E-Ot 2.65E-01 O.OOE+OO 

10 3-Carbethoxypsoralen (450) 5.15E-02 2.10E-02 7.63E-04 

11 ~-apo-14'-Carotenal (480) O.OOE+OO 1.71E-03 2.94E-03 

12 9,1O-Diphenylanthracene (445) 3.26E-Ol 2.62E-Ol 6.59E-02 

13 1,4-Diphenylbutadiene (390) O.OOE+OO O.OOE+OO O.OOE+OO 

14 1,6-Diphenylhexatriene (420) 3.83E-02 1.18E-02 3.78E-03 

15 1,8-Diphenyloctatetraene (440) 3.83E-02 1.29E-02 3.39E-03 

16 Duroquinone (490) 1.20E-Ot 6.4IE-02 1.64E-02 

17 C waldehyde (440) 3.83E-02 1.69E-02 8.04E-03 

18 aI/-tran,..Retinal (450) 3.S3E-0:! 1.64E-02 7.95E-03 

19 TMPD (620) O.OOE+OO O.OOE+OO 1.8SE-03 

20 Zinc(I1) phthalocyanine (480) O.OOE+OO O.OOE+OO O.OOE+OO 
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ues listed in Table 3, extinction coefficients had to be chosen 
for three species that were outside of the compiled set of 
TT A extinction coefficients.3 These were the extinction co­
efficient for benzophenone ketyl radical, methyl viologen ra­
dical cation, and naphthalene disulfonate triplet state. These 
three initial values are listed first in Table 3. 

3.3.1. COl!pling Between Fits in Benzene and Nonbenzene 
Solvents 

There are several features of note in these results. Com­
paring the benzene-only results in column 3 of Table 1 with 
the benzene results from the global fit in column 4 of Table 1 
shows that the global-fit results got somewhat worse, com­
pared to the BL benzene results of column 6 of Table 1. This 
is particularly true for benzophenone and naphthalene, two 
of the most important standards. [It is also true that these 
two compounds in benzene still have a correlation coeffi­
cient, computed by Eq. (24), of + 0.52 even in the global fit, 
see column 4 of Table 2.] Since the number of measurements 
in the benzene group i!: the same as in the benzene-only 
group, it is somewhat surprising that the two benzene values 
shift upwards so much. 

In fact when the whole set ofTT A E'S are considered, it 
is not possible to totally isolate the results in benzene. This is 
due to relative actinometry measurements3 and to another 
set of relative measurements that are based on the principle 
that tht: saIllt: band in different solvents has equal oscillator 
strength.3 Both types of measurements can be done using 
two separate optical cells. For example a relative actino­
metry measurement might be done on a compound dissolved 
in cyc1ohexane, using an actinometer dissolved in benzene. 
The best-fit E of the actinometer in benzene should be used to 
calibrate the experiment, thus coupling the best-fit €s in ben­
zene with those in nonbenzene solvents. Xanthone provides 
an example of an analogous coupling and has a correlation 
coefficient with benzophenonelbenzene of + 0.19. 

In addition there are other compounds measured in 
benzene which couple the two sets of measurements. In our 
scheme, a compound is not split into two species (one for 
benzene and one for nonbenzene) if the compound has less 
than a total of five E measurements-irrespective of solvent. 
If such a compound in benzene was measured via a single­
cell, relative method, then the measurement provides a cou­
pling between the benzene and nonbenzene sets. This type of 
coupling between the benzene and nonbenzene results is arti­
ficial but is left in to help the statistics. If all the measure­
ments in benzene were chosen for the benzene set, then the 
statistics might degrade for both the benzene and nonben­
zene sets due to examples of compounds having only one 
measurement in both classes of solvents, see below. Some 
representative correlation coefficients of benzophenone in 
benzene with compounds in nonbenzene solvents are given 
in the last column of Table 2. Most of the correlations are 
small but nonzero. 

3.3.2. Relationship of Global Fit to Other Standards 

Another feature of the results in columns 6 and 7 of 
Table 1 is that the benzene results are generally larger than 
the benzene results of Bensasson and Land.13 On the other 
hand, the nonbenzene results are somewhat less than the 
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cyclohexane results of Bensasson and Land. It is possible 
that the results are artificially being pulled together by the 
couplings between the results in benzene and the results in 
nonbenzene solvents. This is possible because, as was seen 
above, when the benzene results were totally decoupled from 
the nonbenzene results (see column 3 of Table 1), BL ben­
zene results were obtained. 

3.4. Characterization of Error Distributions 

Before the analysis can be carried further, it is impor­
tant to known something of the distribution of errors, raj in 
Eq. (10) and r,,;,bj in Eq. (11). Tn the ahove nt\Tivl'ltion, 
which is based on the Principle of Maximum Likelihood, it 
was assumed the errors were distributed normally. However 
Cohen et al.6 showed that the normal equations, Eq. (23), 
can be obtained without assuming normality. Thus the anal­
ysis, to this point, is independent of the distribution of errors; 
further analysis depends on the distribution. 

The first question about the distribution is whether the 
. errors in the relative measurements ra/,bj are from the same 

distribution as the errors in the absolute measurements, raj' 

For the sake of data processing the residuals, both of abso­
lute, R.bs and relative, RreI measurements, 

Ra/ Sal - za' for all ai absolute (25) 

and 

Ral,bj = Sal,bj - Za + Zb' for ai,bj relative, (26) 

are transformed in each case as 

R' = 1000 + l000R . (27) 
Thus it is expected that the new residuals will have a mean of 
-1000 and a variance of 1060- 2 since the old residuals of 
Eqs. (25) and (26) are expected to have a mean of zero and a 
variance of 0" 2 _ The sample mean and sample variance of the 
residuals of the absolute measurements are 1000 and 57 600, 
respectively. The corresponding quantities for the residuals 
of the relative measurements are 1015 and 52900. In these 
statistics described and in the following tests described in 
this section (3.4 ), compounds that have only one E measure­
ment, total, will be excluded from the samples. 

One way to check whether the distributions of errors 
from relative and absolute measurements are the same is to 
check whether the means and variances are the same. In 
order to check the means, we did an Analysis of Variance 
(ANOVA)4.17 on the two sets. From the F-test it was found 
that the hypothesis that "the means of the two distributions 
are the same" could not be rejected at traditional levels of 
significance. 

A second test that was used to compare the two distri­
butions was an F-test to see whether the variances of the 
distributions were equal. The test statistic for this hypothesis 
was 

F=S;bs/S;eI' (28) 

where S;el and S;bs are the estimates of the variance of the 
relative and absolute distributions, respectively. The F sta­
tisticdefined by Eq. (28) is eqwiJ. to 1.089 for the two distri­
butions in question. For 359 and 172 degrees offreedom, the 
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F statistic falls at about the 70% fractile of the F distribu­
tion. 18 Thus the hypothesis that "the variances of the two 
distributions are the same" cannot be rejected at the conven­
tionallevels of significance. 

Finally, a Kolmogorov-Smimov two-sample test4
,19,20 

was used to test whether the two distributions (360 absolute 
vs 173 relative) were the same. This teseo involved comput­
ing the differences between the cumulative frequency distri­
butions of the two samples in question. The maximum differ­
ence D is then compared to the sampling distribution.2u In 
our case, the test l7 gave D as 0.054 which shows that the 
hypothesis would not even fail at the 10% level of signifi­
cance, where D would have to be as large as 0.12 (I.:umputeu 
by formulas in Table M of SiegeI20

). This result indicates 
that the two distributions are not different. The tests of the 
equalities of the means and variances of the distribution as­
sume a normal distribution (discussed below), but the Kol­
mogorov-Smimov test is independent of such an assump­
tion. 

Since none of the above tests could find any significant 
differences between the distributions of the errors from the 
relative and absolute measurements, the next step was to put 
the::: dlstriuutioms tugetht:l <lIlU tu tt:lSt whethe:::r the I.:umbined 
values were drawn from a normal distribution. In order to 
test this hypothesis it was again convenient to use the Kol­
mogorov-Smimrw t~~t. To lIc-complish this the combined 
(533) residuals from the relative and absqlute measure­
ments were compared to a normal distribution. The normal 
distribution was cut up into 200 separate areas, and the prob­
ability distribution assigned to each area was computed us­
ing an approximation given by Hastings.21 A maximum dif­
ference of 0.099 was found. 17 Again using the formulas in 
Sie:::gd?/\ HulS value ilS just ISIIliillel than tht: "I.:ritical value" of 
0.10 1 for rejection of the hypothesis "the distribution of re­
sidual is normal" at the 10% level of significance. Thus the 
combined collection ofresidllals cannot be rejected as being 
normal at conventional levels of significance. 
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FIG. 1. Histogram of transfonned residuals of global tit. 

This KoJmogorov-Smimov test was used to compare 
several other sets of values to normal distributions. Among 
the sets of results tested were sets of self-consistent averages 
of the logarithms9 of the es. One such test, comparing values 
from the relative measurements to a normal distribution, 
failed at the 5% level of significance. The analogous test for 
relative measurements using the linearized least-squares 
method did not fail the test. These results indicate that the 
relative differences, {z), of extinction coefficients are more 
likely to be distributed according to a normal distribution 
than are the logarithms of the c's, 

Another aspect of the distribution of errors can be seen 
ill Fig. 1 where the Z scores of the residuals are plotted as a 
histogram. Two different types of Z scores were used. one, 

ZOI (R ~I - lires )/Sres , (29) 

for absolute measurements and one, 

Za{,b) = (R ;{,b} - lires )/Sres , (30) 

for relative measurements. The parameters lires and sres are 
defined by 

nllres ,LR ~{ + 2: R ~/,bj (31) 
oi ai 

and 

S;es = 
)2 

(32) 

R;/ and R ;i,bJ' in these last four equations are the trans­
formed [seeEq. (27)] residuals that were originally defined 
in Eqs. (25) and (26). Using the sample mean (1005) and 
sample standard deviation (237) computed for the distribu­
tion of Z scores of all the residuals, a plot is shown in Fig. 2 
for a normal distribution. A comparison of Figs. 1 and 2 
shows that there are systematic deviations of the histogram 
of the residuals from the normal histogram. The center is 
sharper, and the wings are more spread for the histogram of 
the residuals. This is also reflected in the results of the Kol-
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FIG. 2. Histogram of a nonna] distribution of equal total counts. 
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mogorov-Smirnov tests which indicated that the distribu­
tions. of residuals were approaching the point where they 
could not be considered as normal. However, neither these 
tests nor the histograms rule out the distribution as normal, 
and it is convenient for the rest of the analysis to assume 
normality. 

The sharper than normal distribution was also observed 
in the kinetic data for singlet oxygen9 and is also present in 
the data on the .rate constant~22 of OR and H in aqueous 
solution. The cause of this systematic deviation from nor­
mality is unknown, but open to speculation. It could be due 
to the sociology of scientific measurement,23 or it could be 
due to repeated measurements of certain compounds by sin­
gle research groups or by different groups using the same 
method. Compounds that have been measured repeatedly by 
the same group or methods would be less susceptible to fluc­
tuations caused by systematic errors between research labo­
ratories and techniques, respectively. 

3.S. Confidence Intervals 

It is possible to make an estimate of the confidence in­
tervals of the extinction coefficients by establishing the con­
nection of the least-squares analysis given above with the 
traditional multivariate linear regression analysis. This con­
nection can be made by looking at Eqs. (18) and ( 19) for the 
measured values Sa; andSai,bj' respectively. (Note that these 
equations have already been linearized.) These equations 
have the traditional form for multivariate lincar lcgressiuu4 

Y; = 2J3j~,; + fJ; , 
j 

(33) 

where 1'; is an individual measurement of the response or 
dependent variable, the /3 j 's are the parameters to be estimat­
ed, ~.; is the value of the independent variable ~ in the ith 
measurement of Y, and fJ; is the error in the ith measure­
ment. The correspondence between Eq. (33) and Eqs. (18) 
and (19) can be made by relating the measured values Sai 
and SOl,Dj to the Y, 's and by relating the unknown parameters 
to be fit, thet's, to the/3;'s ofEq. (33). The correspondence 
can be completed by noting that the independent variables, 
the..¥; 's, in the ITA least squares are control variables which 
equal one, minus one, or zero depending on whether thejth 
compound was used as the unknown, was used as the refer­
ence, or was not included in a particular measurement, re­
spectively. 

Once the connection to the traditional multivariate lin­
ear regression is made, traditional error analysis can be used. 
Since the assumption is made that the distribution is normal, 
confidence intervals can be calculated. They are listed in 
Table 3 and computed from the formula4 for 95% confi­
dence intervals, ~95%z" 

(34) 

where Zc is the least-squares estimator, to.975 (n _ p) is Stu­
dent's t factor for 95% confidence intervals with n - p de­
grees offreedom, and s;c' the estimate of the variance of Zc> is 
given by 

s;c=(N-1)..,cQ/(n-p). (35) 
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In Eqs. (34) and (35), n is the total number of measure­
ments and p is the total number of compounds. Q in Eq. (35) 
is given by Eq. (20). QI(n - p) is the estimate of the vari­
ance of the error {) in the individual measurements. In form­
ing Q, it is important to note two points. First, each square in 
the sum stands for one measurement. Second, in relative 
measurements, the Zb that an author uses as a reference ap­
pears with a plus sign; whereas the Za that an author claims 
to be measuring appears with a minus sign. Again the factor 
(N- I) C,c in Eq. (35) is the cth diagonal element of the in­
verse of the N matrix defined in Eq. (23). Since the pXp 
matrix N has p-450, some care had to be taken in comput­
ing the inverse. 10 A check was done to make sure that N X 
the resulting inverse gave the unit matrix. 

Since compounds with only one E measurement do not 
contribute to the least-squares estimates of the best fits, 9 

there could be some concern that their confidence intervals 
are listed in Table 3. However, the results in Table 3 were 
obtained under the assumption that the variance (estimated 
by Q I(n - p)] of the errors for an isolated E measurement 
are the same, irrespective of the compound, method of mea­
surement, or laboratory where the measurement was per­
formed. Furthermore, this assumption has been checked in 
Ref. 3 and also in Sec.3.4. Thus the extension of the assump­
tion to compounds with only one measurement seemed to be 
justifiable. 

3.6. Other Environmental Effects 

3.6.1. Influence of Low-Temperature Results on Global.Fit 

Since it is not possible to treat satisfactorily the ITA E'S 

as being totally independent of solvent, environmental ef­
fects, other than 1;>enzene effects, were also investigated. The 
prime candidates responsible for the high c values are the 
low-temperature measurements. All of these measurements 
are absolute, and low-temperature spectra tend to be sharp 
(high E'S). The combination of fixed (i.e., nonrelative) and 
high E's should cause the global fits to be pulled up to high 
values also. To test the trends, two new pseudospecies, anth­
racenellow temperature and naphthalenellow temperature, 
were pulled out of the species listed in Table 3. For anthra­
cene this amounted to six measurements out of 33, for naph­
thalene ten low-temperature results out of 15 measurements 
total. From the calculation of the best-fit E'S using the extra 
species, the benzene results for anthracene, benzophenone, 
and naphthalene were 49300, 7830, and 14400 
L mol -I cm -1, respectively. The values for the nonbenzene, 
nonlow-temperature E'S for these three compounds were 
59 700, 6200, and 23 700 L mol- I cm -I, respectively. The 
least-squares estimators for the low-temperature results 
were 71000 L mol- I cm- I for anthracene and 24600 L 
mol -I cm -1 for naphthalene. 

Thus the low-temperature results do not have much 
effect on the high results in benzene. In fact it can be seen 
from Table 1 that only phenanthrene and pyrcne have non­
benzene values in column 5 that are higher than the BL cy­
clohexane values in column 7. Only these values could be 
considered as pulling up the best fits in an unjustifiable fash­
ion. In fact there is quite a scatter in the low-temperature 
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results.3 Many of these results were done with weak exciting 
sources and thus had low signal-to-noise ratios. In addition if 
care was not taken to use narrow slits in the monochroma­
tors, the sharp spectra could be broadened resulting in artifi­
cially low e'S.24 Moreover, it is really the anthracene and 
naphthalene values in benzene that are responsible for the 
overly high values for benzophenone when no solvent effects 
are taken into account. 

3.6.2. Further Solvent Effects: Benzenelike, Nonpolar, and Polar 

Since the global fit improved so markedly when the 
small group of measurements in benzene was treated sepa­
rately, the question arose whether further improvement was 
possible by further segregation of solvents. In other words, 
could subtleties, such as those uncovered with the benzene 
results, remain hidden from all of the statistical tests used so 
far. In order to check this we did a three-part classification of 
measurements, isolating measurements in benzenelike sol­
vent!'; from other nonpolar !';olvent~, and further isolating 
these two sets of measurements from those in polar solvents. 

Th e treatment was carried through and the resul ts were 
not significantly better than the results presented in Table 3. 
The sum of the squares of the deviations, Q in Eq. (20), 
decreased somewhat from 30 to 22, but the degrees of free­
dom, n - p, also decreased from 371 to 312. This lead to a 
marginally better overall fit, measured by Q I (fl - p), uf 
0.08 to 0.07. On the other hand, the least-squares estimators 
of the E values for individual compounds are less certain in 
many important cases in the expanded treatment of solvents. 
An example is the case of anthracene in nonbenzenelike sol­
vents. Its extinction coefficient (L mol- 1 em -I) goes from 
61 900 ± 10% in the restricted solvent-effect scheme report­
ed in Table 3 to 62 100 ± 15% in nonpolar and 
60 600 ± 13% in polar solvents in the benzene nonpolar­
polar scheme. This increase in the confidence intervals is 
largely due to the I-educed llUUlut:r of Uleu:sun::lllenL:s Lhat go 
into a determination of an individual compound's e since the 
same number of actual measurements are spread over three 
possible solvent categories instead of two. The inverse ma­
trix element, (N -1 ) c,c' will in general be larger for a smaner 
number of measurements which will make the estimate, S;c in 
Eq. (35), of the variance of the errors of the e's for individual 
compounds larger. In addition Student's t factor will be larg­
er for a smaller number of degrees offreedom. Both of these 
factors will tend to increase the 95% confidence intervals, 
Hq. (34), tor the individual e's. Thus there is a tradeoff when 
the solvents are further segregated: On one hand the overall 
fit improves slightly, but on the other, the individual confi­
denec intervals increase slightly. 

It appears from these considerations that there are no 
further solvent effects that can be removed profitably to en­
hance the fits. In fact as a crude test for further solvent ef­
fects, we ran several unranked sign tests4 on the benzene 
nonpolar-polar results. Again the hypothesis that there are 
no differences between the groups could not be overturned. 

All of these considerations lead us to suspect that other 
sources offiuctuations between various measurements of e's 
are as important as or even more important than· solvent 
effect:s fur the data under study. The only exceptions are the 

limited number of measurements in benzene. The sources of 
the extra fluctuations are likely due to systematic errors 
between laboratories and methods. Errors in the methods 
themselves were already discussed. 3 

3.7. Recommended Values 

The tentative standards for extinction coefficients of 
ITA, given in our previous work,3 were a hierarchy of values 
starting with the value ofbenzophenone in benzene on Level 
1 with a recommended value l4 of 7220 L mol- 1 em -I. On 
the Level 2 the values of Bensasson and Land were recom­
mended for values they measured in Ref. 13 in cyclohexane 
or benzene. Finally, on Level 3 there were a small number of 
extinction coefficients for compounds, some of which were 
already on Levels 1 or 2, which were to be used in any situa­
tions where Levell or 2 did not apply. The values in Leve13 
were found by taking averages of the reported e's of com­
pounds having five or more measurements (none of which 
violated Chauvenet's criterionI2 ). Solvent effects were ig­
nored in the a.veragcs, but only those compounds with 95% 
confidence intervals < 30% of the compound average were 
.taken as standards. 

As mentioned in Sec. 1, there was no convenient way to 
calibrate the relative measurements that went into the aver­
ages for the Level 3 values.3 Also because of the restriction of 
only five measurements (to get good statistics from Chau­
venet's criterion 12), the number of recommended values was 
very small. This restriction had the further disadvantage of 
not including measurements of some of the prominent refer­
ence values when they were used as standards for com­
pounds having less than five measurements. In order to cir­
cumvent these problems, we chose to do the least-squares fit. 
The least-squares procedure automatically chooseR the he!';t 
values to renormalize the measurements so that the output 
gives the least-squares estimators directly. Also since the fit 
is global, it is possible to get meaningful statistics because of 
the large number of measurements. 

One point about the Level 3 standards from Ref. 3 can 
be noted. In these standards some account of the appropriate 
reference E'S for relative measurements was taken in individ­
ual numbers going into the averages by the individual auth­
ors. Thus many of the simple averages gave reasonable re­
sults because some authors had already corrected their 
results by using either reference E'S from measurements in 
benzene or nonbenzene as appropriate. As a result even 
though the reference e's were not uniformly applied, the sim­
ple averages turned out to be better, in certain critical cases 
like benzophenone, than the global-fit e values without any 
solvent effects. 

However UUl:e the global fit was modified to account for 
the benzene results, reasonable e's were again obtained for 
the least-squares calculation. By scanning Table 3, it can be 
seen that the 95% confidence intervals are quite large for 
many compounds. We would not recommend that e's with 
95% confidence intervals of > 30% to be taken seriously as 
standards. On the other hand, €'s with 95% confidence in­
tervals < 30% of the best-fit value should replace the E'S of 
Table 5, Ref. 3, as the Level 3 standards. We still recommend 
the Levelland Level 2 standards to be used whenever they 
are appropriate. 
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One final point should be made concerning the use of 
the values in Table 3 as standards. The value for all-trans­
retinol should not be used, but 80 000 L mol- I cm - I seems 
to be appropriate for a large number of solvents?5,26 There 
are several reasons that the global fit gave such a poor value 
for this widely used standard. First, the retinol measure­
ments form an almost closed subset of experiments. The 
mempers of this subset are only weakly linked (have small 
linear correlation coefficients) to the main body of measure­
ments. Second, most ofthe measurements in the retinol sub­
set are relative measurements, making the retinol value very 
sensitive to the small number of absolute measurements in 

the set. (There are several relative, electron-transfer mea­
surements which are treated as absolute in the current proce­
dure because we do not put in the E's of the radical ions 
formed.) It happens that aU of these absolute (and pseu­
doabsolute) measurements give E's that are all significantly 
lower than the relative measurements. Based on the previous 
analysis,3,27 low values are not unreasonable from these par­
ticular methods. We therefore would put more trust in the 
higher values obtained from the energy-transfer method. 25,26 

Third, there are two values28 around 57 000 L mol- I cm -1. 

Both are measured by the energy-transfer method, but we 
feel the later measurements2S

,26 should supersede them. 

T AIlI,\<; 3. Global least-SQuares fit of TT A E'S 

No, Compound Number of I\(nominal) E 95% 
measurements /nm /L mol-I cm- l Confidence 
(aba., reL) Interval" 

1 1,5-Naphthalene sulfonic acid disodium salt fixed standard 445 9900 

2 Benzophenone ketyl radical fixed standard 530 3700 

3 Methyl viologen radical cation fixed standard 440 580 

Measurement, Outside the Special Set of CompQunds in Benzene 

04 A",on:>phth"n .. ( 1, 0) 4::10 1\000 ± 33040 (lifl%) 

5 2' -Acetonaphthone ( 1, 0) 430 10500 :!: 5840 (56%) 

6 Acetone ( 0, t) 300 600 ± 470 (79%) 

7 Acetophenone ( 2, 2) 330 7160 ± 2120 (30%) 

8 9-Acetylanthracene ( 1, 0) 426 20000 ± 11100 (66%) 

9 4-Acetylbiphenyl ( 1, 0) 435 130000 ± 12300 (56%) 

10 N-(2-Acetylphenyl)acetamide ( 1, 0) 450 8900 ± 4950 (56%) 

11 N-(2-Acetylphenyl)Cormamide ( 1, 1) 450 7240 :t 2810 (40%) 

12 N-( 2-Acety 1 phcny 1)-N-methy lacetamide l 0, 2) 430 1130 ± 460 (41%) 

13 N-(2-Acetylphenyl)-N-methylformamide ( 0, 2) 430 960 ± 390 (41%) 

14 Acridine ( 3, 6) 440 23800 :t 4720 (20%) 

15 Acridine-do ( 1, 0) 440 26000 :t 14500 (56%) 

16 Acridine Orange, conjugate monoacid ( 3, 0) 540 9570 :t 3070 (32%) 

17 Acridine Orange, free base ( 3, 0) 410 39600 :t 12700 (32%) 

18 Acridine, conjugate acid ( 1, 1) 490 7840 :t 3300 (42%) 

In !I(101.l)-Aeridone ( 0, 1) 620 410400 ± UOOO (S8.%) 

20 Acriflavine cation ( 1, 0) 620 8600 ± 4780 (56%) 

21 Amiloride ( 0, 1) 400 6790 ± 4010 (59%) 

22 1- A ."ino-4-a.n iii no .. nb hr a.q uinolle ( I, 0) GSO 1}7()00 ± 1S()()() (56%) 

23 l-Aminoantbraquinone ( 0, 1) 550 2190 :t 1290 (59%) 

24 2-Aminoanthraquinone ( 0, 1) 599 7800 ± 4610 (59%) 

25 2-AmiluOuur"",, ( 1, 0) 426 10600 ± 6890 (66%) 

26 l-Amino-4-hydroxyanthraquinone ( t, 0) 500 28000 ± 15600 (56%) 

27 4-Amino-4' -hydroxy biphenyl ( 1, 0) 425 24000 ± 18300 (56%) 

28 2-Amlno-3-(4-methoxy-O-benr;othlazo)yl)propionate ion ( 1, 1) 370 6940 ;± 3240 (47%) 

29 l-Amino-4-(N-methylamino)anthraquinone ( 1, 0) 575 27000 ± 15000 (56%) 

30 1-Amino-4-methyicarbostyril ( 0, 1) 600 38100 ± 21500 (56%) 

31 a-Amino-N-methylphthalimide ( J, 0) 495 1100 :t;; 610 (60%) 

32 4' -Aminomethy 1-4,5' ,8-trimethylpsoralen ( 1, 0) 460 2(200 ± 13500 (56%) 

33 l-Amino-4-nitronaphthalene ( 1, O) 440 28000 ± 15600 (56%) 

3( 2-Amino-4-(3Hjpteridinone ( 1, u) 360 4700 :!: 2010 (56%) 
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TABLF. 3, Global least-squares fit of TTA e'~ - Continued 

No, Compound 

35 Anthracene 

36 Anthracene-d 1o 

37 l-Anthrol 

38 Anthrone 

39 1-(2-Anthryl)-2-(2-naphthyl)ethylene 

40 1-(2-Anthryl)-2-phenylethylene 

41 1-( 2-Anthryl )-2-( 2-thienyl )ethylene 

42 Azulene 

43 Azure A cation 

44 Bacteriochlorophyll 

45 BenzlbJacridin-12(5JJ)-one 

46 DenzlaJanthracene 

47 Benzene 

48 Benzidine 

49 Benzo[alcoronene 

50 Benzoic acid 

51 Benzo[gh,lpery lene 

52 Benzo(cJphenanthrene 

53 Benzophenone 

54 Benzo!e1pyrene 

55 Benzo! b1triphenylene 

56 Benzoylamino-2-a 2-thiazoline 

57 2-Benzoyl-N-methyl-j3-naphthiazoline 

58 Benzyl 9-anthroate 

59 3-Benzyl-3,4,5-trlphenyl-2(3H)-furanone 

60 Biacetyl 

61 Bifluorenylidene 

62 Bilirubin 

63 Biliverdin 

64 Biliverdin, rjimethyl ester 

65 1,1'-Binaphthyl 

66 2,2'-Binaphthyl 

67 Biphenyl 

68 Biphenyl-d lo 
69 BiphenyJene 

70 2-BiphenylphenylbenzolCazole 

71 2-(4-Biphenylyl)benzoxazoJe 

72 1-(2-BiphenyJyl)-I-phenylethylene 

73 2-(4-Biphenylyl)-5-phenyloxazole 

74 2,5-Bis(5-tert- butyl-2-benzoxazolyl)thiophene 

75 4,4'-Bis(dimethylamino)thiobenzophenone 

76 1,4-Bis(methylamino)anthraquinone 

77 trans-I,2-Bis(I-naphthyl)ethylene 

78 trans-l,2-Bis(2-naphthyl)ethylene 

79 Ronellin 

80 Brilliant Sulfaflavi ne anion 

81 9-Bromoanthracene 

82 Bromo(met.hanoJ)(phLhalocyaninato)rhodillm{IIl} 

Number of lI.(nominal) £ 95% 
measurements Inm /L mo)-I cm- I Confidence 
(abs., reI.) Interval" 

(19, 29) 

(2, 0) 

(0, 1) 

(1, 0) 

(0, 1) 

(0, ]) 

(0, 1) 

(0, 1) 

(1, 0) 

(3, 0) 

(0, 1) 

(7, 2) 

(1, 0) 

(2, 0) 

(5, 0) 

(1, 0) 

(4, 0) 

(1, 0) 

(S, 9) 

(2, 0) 

(2, 0) 

(0, 1) 

(1, 0) 

(1, 0) 
(0, 1) 

(1, 3) 

(1, 0) 

(0, 1) 

(0, 1) 

(0, 1) 

(0, 1) 

(0, 1) 

( 5, 49) 

(1, 0) 

(1, 1) 

(1, 0) 

(1, 0) 

(1, 0) 

(2, 0) 

(1, 0) 

(0, 1) 

(1, 0) 

(0, 1) 

(0, 1) 

(1, 0) 

( 1, 0) 

(1, 2) 

(1, 0) 

430 

425 

440 

341 

635 

455 

630 

360 

840 

620 

590 

490 

235 

460 

570 

320 

465 

517 

525 

555 

450 

551 

640 

430 

375 

315 

440 

500 

700 

400 

615 

450 

360 

365 

350 

560 

460 

370 

535 

520 

335 

550 

530 

430 

625 

575 

430 

590 

61900 

95000 

29100 

74000 

57100 

55300 

43300 

4140 

10000 

16900 

53600 

26200 

11000 

35500 

22300 

1000 

39300 

4800 

6250 

17000 

29900 

7090 

16000 

63000 

14500 

4580 

110000 

8110 

21800 

50700 

12400 

24800 

37000 

7000 

10500 

4500 

2500 

17000 

66300 

160000 

HIlOO 

20000 

30200 

20100 

40000 

1800 

47500 

22000 

± 6160 (10%) 

± 37300 (39%) 

± 19900 (68%) 

± 41100 (56%) 

± 33300 (58%) 

± 32200 (58%) 

± 25300 (58%) 

± 2390 (58%) 

± 5560 (56%) 

± 5430 (32%) 

± 30200 (56%) 

± 4880 (19%) 

± 6110 (56%) 

± 14000 (39%) 

:!: 5640 (25%) 

:!: 660 (56%) 

± 10900 (28%) 

± 2670 (56%) 

± 1250 (20%) 

± 6660 (39%) 

:!: 11800 (39%) 

± 4020 (57%) 

± 8800 (56%) 

:!: 36000 (56%) 

± 8360 (58%) 

± 1460 (32%) 

± 61100 (66%) 

:!: 4730 (58%) 

± 12400 (67%) 

± 29500 (58%) 

:!: 7140 (58%) 

± 14300 (58%) 

:!: 4300 (12%) 

± 3890 (56%) 

± 4250 (41%) 

:!: 2500 (56%) 

± 1390 (56%) 

± 9450 (56%) 

:!: 26000 (39%) 

± 88900 (56%) 

± 8560 (58%) 

± 11100 (56%) 

:!: 20700 (69%) 

:!: 13800 (69%) 

:!: 22200 (56%) 

± 1000 (56%) 

± 16000 (34%) 

:!: 12200 (56%) 
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T "Jll"~ 3. Global least-sqllares fit of TTA e'a - Contiriued 

No. 

83 

84 

85 

86 

87 

88 

89 

90 

91 

92 

93 

94 

95 

96 

97 

98 

99 

Compound 

l·Bromonaphthalene 

2-Dromotriphenylene 

2· ten-Butyl-4-methyli ndazofe 

Cadmium(II) tetraphenylporphyrin 

Carbazole 

3-Carbethoxypsoralen 

4·Carboxyben7.ophenone 

11.ciB-~-al'0-14' -Carotenal 

f3.-41'0-14' -Carotenal 

B-al'0-8' -Carotenal 

15,15' -cill-Ii-Carotene 

~-Carotene 

'-Ca.rotene 

Chloranil 

Chloroaluminum phthalocyanine 

I-Chloroanthracene 

Chlorobenzene 

100 4-Chlorobenzophenone 

101 (2' -Chlorobenzoyl)amino-2-A 2-thiazoline 

102 (4' -Chlorobenzoyl)amino-2-A2.thiazoline 

103 Chlorolndium(lII) phthalocyanine 

104 Chloro( methanol)(phthalocyaninato )rhodium(I1I) 

lOS l-Ch\oronapbtha\ene 

106 1-(2-Chlorophenyl)napht.halene 

107 1-( 4-Chlorophenyl)naphthalene 

108 Chlorophyll b 

109 Chrysene 

110 Coproporphyrin III 

111 Coproporphyrin III, tetramethyl ester 

112 Coproporphyrin I, tetramethyl ester 

113 Coronene 

114 Coronene-dl2 

115 Coumarin 

116 o.-Crocetin 

117 Croconate Blue dianion 

118 9-Cyanoanthracene 

119 l,3-CycIohexadiene 

120 2-Cyclohexen-l-one 

121 2-CycIopentenone 

122 Deuteroporphyrin, dimethyl ester 

123 1,4-Diaminoanthr;a.quinone 

124 Dils"nz[a,h]::mthr"""n.. 

125 5H-Dibenzo[a,d)cycloheptene 

126 2,S-Di(4-biphenylyl)oxazole 

127 O,10Dibrornoo.nthro.ecnc 

128 Dibromoftuorescein dianion 

129 1,5-Dichloroanthracene 

130 9,IO-Dichloroanthracene 
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Number of 
measurement.s 
(abs., rel.) 

( 1, 0) 

( 1, 0) 

(2, 0) 

(1, 0) 

(5, 1) 

( 5, 1) 

(0, 1) 

(1, 0) 

(1, 2) 

(1, 0) 

(0, 1) 

(1, 4) 

(0, 1) 

(1, 4) 

(2, 0) 

(0, 2) 

(0, 1) 

(0, 1) 

(0, 1) 

(0, 1) 

(1, 0) 

(1, 0) 

(0, 1) 

(1, 0) 

(1, 0) 

(3, 0) 

(6, 1) 

(2, 0) 

(1, 1) 

( 1, 1) 

(3, 0) 

(2, 0) 

(0. 1) 

(0, 3) 

(2, 0) 

(0, 1) 

(1, 0) 

(0, 1) 

(0, 1) 

( 1, 1) 

(1, 0) 

(4, 1) 

(1, 0) 

(1, 0) 

(0, 2) 

( I, 0) 

(0, 2) 

(0, 4) 

~(nomin ... l) 

Inm 

425 

430 

409 

490 

425 

450 

535 

470 

480 

520 

515 

515 

445 

510 

490 

438 

300 

320 

557 

563 

490 

590 

420 

495 

505 

450 

580 

4C11 

440 

440 

480 

480 

400 

445 

S90 

435 

303 

270 

270 

4·10 

575 

680 

426 

560 

506 

445 

425 

11500 

SOOO 

8000 

57000 

14000 

3730 

6810 

90000 

116000 

223000 

216000 

187000 

70000 

6990 

26600 

50700 

6150 

23100 

11400 

16600 

23000 

22000 

29500 

9500 

32500 

24300 

29800 

115000 

25400 

28200 

15000 

17200 

10100 

83300 

22500 

8490 

2300 

2170 

1970 

23900 

22000 

26100 

20000 

110000 

(6300 

18000 

50700 

42500 

95% 
Confidence 

Interval" 

:t 6390 (56%) 

± 4450 {56%) 

:t 3140 (39%) 

± 31700 (56%) 

± 3180 (23%) 

:t 860 (23%) 

± 3920 (58%) 

± 50000 (56%) 

± 46000 (40%) 

:t 124000 (56%) 

±123000 (57%) 

± 53500 (29%) 

:t 39700 (67%) 

± 1940 (Z8%) 

:t 10500 (39%) 

:t 21400 (42%) 

± 3490 (57%) 

± 14500 (63%) 

:t 6480 (57%) 

± 9440 (57%) 

:t 12800 (56%) 

:t 12200 (56%) 

± 17800 (60%) 

:I: 5280 (56%) 

:I: 18100 (56%) 

:I: 7810 (32%) 

± 6280 (21%) 

± 45200 (39%) 

± 10200 (40%) 

± 11400 (40%) 

± 4820 (32%) 

± 6740 (39%) 

± 5910 (58%) 

± 41700 (50%) 

± 8840 (39%) 

± 5020 (59%) 

± 1280 (56%) 

:t 1250 (58%) 

± 1130 (58%) 

:t 9630 (40%) 

± 12200 (56%) 

:± 6260 (25%) 

± 11100 (56%) 

± 61100 (56%) 

:!:: 111300 (4.6%) 

± 10000 (56%) 

± 21400 (42%) 

± 13700 (32%) 
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TAIlI,R 3. Global least-squares fit of TTA £'s - Continued 

No. Compound 

131 4,4' -Dichlorobenzophenon.e 

132 4,4' -Dichlorostilbene 

133 4-(4,6-Dichloro-l,3,5-triazin.2-yl).N,N.diethylaniline 

1].£ O,10-Di"ya.no .. nl:hr .. ""n" 

135 1,4-Dicyanonaphthalene 

136 aJl-tmne-3' ,4' -Didehydro-~,~/-16' -carotenal 

137 7 Didhyl .. mino-4-mdhyleoum .. rin 

138 l,l'-Diethyl-6-bromo-2,2'-cyanine iodide 

139 1,I'-Diethyl-2,2'-carbocyanine chloride 

140 1,I'-Diethyl-4,4:-carbocyanine iodide 

141 l,I'-Diethyl-2,2' -cyanine iodide 

142 . I, I' -Diethyl-2,2' -dicarbocyanine iodide 

J 43 1, I' - Diet!.yl- 6-iQdo-2,2' -cyan.ne iodide 

144 3,3' -Diethyl-2,2' -oxadicarbocyanine iodide 

145 3,3'·Diethyl-2,2'-thiadicarbocyanine iodide 

146 3,3' Dicthyl 2,2'thi • .trie .. rbocy .. nine iodide 

147 4' ,5' -Dihydro-3-carbethoxypsoralen 

148 7,7'-Dihydro-~-carotene 

140 10,1 l-Dihydro-S, 7:H,16-dietheno-BII,1311-diindeno[2,1-

h:l' ,2' $1 !1,4jdioxacyclotridecin 

150 5,10-Dihydro-5,10-dimethylphenazine 

151 5,10-Dihydro-5,10-diphenylphenazine 

152 5,10-Dihydro-5-ml!thyl-l0-phenylphenazine 

153 5 ,12-Dihydro-5-methylquino[2,3-bJacridine-7 ,14-dione 

154 9,10-Dihydrophenanthrene 

155 1 ,2-D ihydro-3-phenylnaphthalene 

156 4',S'-DihydropsoraJen 

157 3,6-Dihydroxyphthalimide 

158 4,4' -Dimethoxyben~ophenone 

159 2,3-Dimethoxy-l,4- benzoquinone 

160 2,5-Dimethoxy-l,4-benzoquinone 

161 5,7-Dimethoxycoumarin 

162 2,3-Dimethoxy-5-methyl-l,4-benzOQuinone 

163 4,4 '-Dimethoxythiobenzophenone 

164 tra.ne-l-(.1-Dimethylaminophenyl)-2-nitroethyJene 

165 N,N·DimethyJaniline 

1/\6 9,10_Oimpt.hyl"nt.hr,"cE'n .. 

167 ~i .. 2,3-Dimethy 1-2 ,3-di-(2-naphthyl)oxirane 

168 t,Gne- 2 ,3-Dimethyl-2 ,3.di-(2-naphthy I)oxirane 

169 3,9. Dimothyl-t ........ f\uoron .. eenG 

170 1,3-DimethylindazoJe 

171 N,N-Dimethyl-4-nit.roaniline 

172 N,N-Dimethyl-p-phenylenediamine 

173 (E,E,E,E,E,E)-7,11-Dimethyl-7-(2,6,6-trlmethyl-l-
cyclohexen-l-yl)-2,4,6,8,10,12-tridecahexaenal 

174 1,3-Dimethyluracil 

175 2,5-Di(I-naphthyl)-l,3,4-oxadiazole 

176 ci .. 2,3-Di-(2-naphthyl)oxirane 

Number of 
measurements 
(abs., reI.) 

(0, 1) 

(1, 0) 

(2, 0) 

(0, 1) 

(0, 1) 

(1, 0) 

(0, 1) 

(1, 0) 

(1, 0) 

(0, 1) 

(1, 0) 

(0, 1) 

(1, 0) 

(0, 1) 

(0, 1) 

(0, 1) 

(1, 0) 

(0, 1) 

(1, 0) 

(0, 1) 

(0, 1) 

(0, 1) 

(1, 0) 

(1. 01 
(I, 0) 

(0, 1) 

(1, 0) 

(0, 1) 

(0, 2) 

(0, 2) 

(0, 1) 

(0, 2) 

(0, 1) 

(1, 0) 

(0, 1) 

(0, 2) 

(0, 1) 

(0, 1) 

(1, 0) 

(2, 0) 

(1, 0) 

(1, 0) 

(2, 0) 

(1, 0) 

(2, 0) 

(0, 1) 

A(nominal) 
(nm 

320 

359 

490 

440 

455 

580 

6:1:0 

651 

635 

778 

635 

780 

000 

650 

900 

550 

448 

385 

450 

444 

444 

710 

365 

384 

500 

.uo 
350 

430 

440 

450 

430 

295 

440 

4f15 

436 

425 

425 

481 

420 

390 

530 

505 

380 

600 

430 

E 95% 
(L mol- 1 cm- I Confidence 

Interval" 

23300 :!: 14600 (63%) 

28000 ± 15600 (56%) 

31000 ± .12200 (39%) 

9180 ~ !lUO (68%) 

6730 ± 3980 (59%) 

363000 ±202000 (56%) 

11800 :::t: 10100 (50%) 

33800 ± 18800 (66%) 

58000 

35600 

31000 

69300 

28500 

81400 

161000 

173000 

10000 

363000 

2UOO 

62900 

99400 

95400 

15300 

26000 

40000 

14500 

2900 

14100 

4750 

4620 

10500 

5660 

20500 

35000 

8370 

3l'i300 

10300 

12400 

93:;00 

8350 

20600 

23000 

169000 

8000 

7130 

10300 

± 32200 (56%) 

± 20200 (67.%) 

± 17200 (66%) 

± 39400 (57%) 

::!: 15800 (50%) 

:!: 46200 (57%) 

± 91400 (57%) 

:::t: 91500 (50%) 

± 5560 (56%) 

±206000 (57%) 

::!: 1180U (IHS%) 

± 35500 (56%) 

:!: 56200 (66%) 

± 53900 (56%) 

± 8510 (56%) 

+ 14500 (56%) 

± 22200 (56%) 

8430 (58%) 

± 1610 (S6%) 

± 8830 (63%) 

± 1950 (41%) 

± 1890 (41%) 

± 6120 (58%) 

± 2320 (41%) 

:!: 11800 (58%) 

± 19500 (56%) 

± 4750 (67%) 

.!. 14900 (4:1:%) 

± 5950 (58%) 

:!: 7140 (58%) 

c;!;; 5:1:000 (50%) 

± 3280 (39%) 

± 11500 (56%) 

± 12800 (56%) 

± 66200 (39%) 

± 4450 (56%) 

:!: 2800 (39%) 

± 5960 (58%) 

253 
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254 CARMICHAEL, HELMAN, AND HUG 

TABI,~ 3. Global least-squl\res lit of TTA e's - Continued 

No. Compound 

111 tranl-2,3-Di-(2-naphthyl)oxirane 

118 Diphenylamine 

119 9,l!I-Diphenylanthracene 

180 1,4-Diphenyl-l,3-butadiene 

181 1,4-Diphenyl·2,3-dibenzoyl-1,4-epoxy-I,4-
dihydronaphthalene . 

182 l,6-Diphenyl-l,3,5-hexatriene 

183 l,4.-Diphenylnaphthalene 

184 l,5-Diphenylnaphthalene 

185 l,8-Diphenyl-I,3,6,1-octatetraene 

186 2,6-Diphenyl-l,3,4-oxadiazole 

187 2,5-Diphenyloxazole 

188 N,N'-Diphenyl-p-phenylenediamine 

189 N,N-Diphenyl-p-phenylenediamine, conjugate acid 

190 Duroquinone 

191 Eosin 

192 Ergosterol 

193 Erythrosin dianion 

194 10-Ethyl-I1(10H)-acridinone 

1115 N-Ethylcarbazole 

196 ~·Ethylstyrene 

HI7 FlUorene 

198 Fluoren-9-one 

199 2-Fluorenyl phenyl ketone 

200 4-Fluorobenzophenone 

201 3-Formylfurochromene 

202 2-Formyl-5' -methyldifurobenzene 

203 3-Formyl-2-methylfurochromene 

204 3-Formyl-8-methylfurochromene 

205 Il-Glucose phenylosazone 

206 Hematoporphyrin IX 

201 1, l,I,5,5,5-Hexafluoroacetylacetone 

208 10,11,13,14,16, t 7-Hexahydro-5, 7:20,22-dietheno-8H,HIH­
diilldello\2, l-n; I' ,2' - ,,1\ 1,4,7 ,10}LeLraoxaCYI::\ollouade 

209 9,10,11, 12,13,14-Hexahydro-5,7:15,1 7·dietheno·2,20· 
heptano> H-cyC\otetradeca[ 1 ,2> a: 1,14· a']dii odene 

210 Inrlnl .. 

211 Iodo(rnethanol)(phthalocyaninato)rhodiurn(lIl) 

212 f3-Ionone 

213 Isopsoralen 

214 Isoquinoline 

215 Kynurenic acid 

216 Lumiflavine 

217 Lumiflavine, conjugate monoacid 

218 Lumiflavine, negative ion 

219 all-trans-Lutein 

220 all-trans-Lycopene 

221 Magnesillm(lT) octaethylporphyrin 

J. Phys. Chem. Ref. Data, Vol. 16, ~_ 

Number of 
measuTp.ments 
(abs., reI.) 

(0, 1) 

(3, 0) 

(0, 3) 

(4, 0) 

(0, 1) 

(4, 3) 

(1, 0) 

(1, 0) 

(4, 1) 

(1, 0) 

(0, 2) 

( 1, 0) 

(1, 0) 

(1, 4) 

(I, 5) 

(1, 0) 

(2, 0) 

(1, 0) 

(0, 3) 

(0, 1) 

(4, 0) 

(1, 7) 

(1, 0) 

(0, 1) 

(0, 1) 

(0, 1) 

(0, 1) 

(0, 1) 

(1, 1) 

(2, 0) 

(1, 0) 

(1, 0) 

(I, 0) 

(0, 2) 

(1, 0) 

(1, o) 

(0, 1) 

(2, 0) 

(0, 1) 

(3, 1) 

(1, 1) 

(1, 0) 

(1, 0) 

(0, 2) 

(0, 1) 

~(nominal) e 
Inm IL mol-I cm- I 

430 

540 

445 

390 

490 

420 

444 

538 

440 

425 

500 

615 

600 

490 

580 

305 

525 

580 

420 

325 

380 

425 

525 

315 

440 

540 

450 

450 

460 

395 

390 

383 

465 

4<10 

590 

330 

450 

418 

570 

650 

425 

350 

518 

525 

440 

8250 

23300 

15600 

54500 

5460 

1140UU 

32500 

22800 

198000 

980 

14800 

26800 

61000 

6310 

10200 

2800 

1900!) 

14600 

21600 

3520 

22700 

6040 

18600 

21900 

18100 

9040 

32000 

14200 

110000 

98200 

]000 

17100 

35000 

4260 

22000 

85300 

4330 

11900 

28500 

6090 

6850 

11000 

40000 

406000 

100000 

95% 
Confidence 

Interval" 

:t 4160 (58%) 

:t 74.110 (32%) 

::!: 5240 (34%) 

:t 15100 (28%) 

:!: 3150 (58%) 

::!: 27300 (24%) 

:t 18100 (56%) 

:t 12100 (56%) 

:t 50900 (26%) 

::!: 540 (56%) 

:t 5930 (40%) 

:!: 14900 (66%) 

:t 31200 (56%) 

:t 1610 (25%) 

:t 2790 (27%) 

:t 1560 (56%) 

± 7470 {3l}%) 

:t 8120 (56%) 

:t 7440 (34%) 

::!: 2000 (57%) 

::!: 6300 (28%) 

± 2420 (40%) 

:t 10300 (56%) 

::!: 13700 (63%) 

:t 10900 (60%) 

:t 5450 (60%) 

:t 19300 (60%) 

:t 8570 (60%) 

:t 46700 (42%) 

± 38600 (39%) 

:t 560 (56%) 

± 9510 (56%) 

:t 19500 (56%) . 

± l'1tO ( .. 0%) 

::!: 12200 (56%) 

± 4.7400 (56%) 

::!: 2530 (58%) 

::!: 4660 (39%) 

::!: 16200 (57%) 

:!: 1700 (28%) 

:!: 2710 (40%) 

± 6110 (56%) 

:!: 22200 (56%) 

±163000 (40%) 

± 78600 (79%) 



LEAST-SQUARES ANALYSIS OF EXTINCTION COEFFICIENTS 255 

TABI.E 3. Global least-squares fit of TTA E'S - Continued 

No. Compound Number of A(nominal) E 95% 
measurements Inm IL mol-I cm- I Confidence 
(abs., rel.) Interval" 

222 Magnesium(IJ) phthalocyanine ( 2, 0) "80 32300 :!: 12100 (39%) 

223 Magnesium(lJ) tetraphenylporphyrin ( I, 0) 485 12000 :t 40000 (56%) 

22" Mercury(ll) tetraphenylporpbyrin ( I, 0) 495 86000 :t 41800 (56%) 

ZZG Me~vp"rphyrill, dillle~hyl esLer ( 1, 1) HO 3()700 :t 12400 ("0%) 

226 "-Metboxyacetophenone ( 0, I) 360 8840 :!: 5230 (59%) 

221 "-Metboxybenzophenone ( 0, 1) 335 10100 ± 6340 (63%) 

228 (R)-4-MeLhoxydlnaphtho!Z,1-d:l',Z' - ( I, 0) 42U l11UU :t 6170 (56%) 
Jlll,3,2]dioxaphosphepin 4-oxide 

229 I-Methoxynaphthalene ( 0, 1) 440 9980 :t 6020 (60%) 

230 2-Methoxynaphthalene ( 0, 1) "35 21400 :t 12900 (60%) 

231 ci"cis-l-(3' -Methoxy-5' -nitro-2' -oxo-3' ,5'- ( 1, 0) 330 12000 :t 6670 (56%) 
cyclohexadienyl)-3,4-dimethyl-l,3-pentadiene 

232 4'-Methoxypropiophenone ( 0, 1) 390 13300 :t 1870 (59%) 

233 5-Methoxypsoralen ( 1, 1) 450 9"50 :t 3810 ("0%) 

23" 8-Methoxypsoralen ( 2, I) 370 11700 :!: 5830 (33%) 

235 8-Methoxy-2,2,3-trimethyl-6-nitro-2H-chromene ( I, 0) 330 10000 :!: 5560 (56%) 

236 "-Methylacetophenone ( 0, J ) 331 9340 :t 5520 (59%) 

237 9-Methylacridine ( 1, 0) "52 30000 :t 16100 (56%) 

238 IO-Methyl-9(10H)-acridinethione ( 1, 3) 520 8790 :!: 2830 (32%) 

239 2-Methylanthracene ( 1, 0) "31 73000 :t "0600 (56%) 

240 9-Methylanthracene ( 0, 3) 430 45900 :t 16300 (35%) 

241 4-Methylbenzophenone ( 0, 1) 315 21100 ± 13200 (63%) 

242 (2' -Methyl benzoyl)amino-2-A 2 -thiazoline ( 0, 1) 550 7280 :t 4140 (57%) 

243 (4',-Methy Ibenzoyl)amino-2-A 2-t hiazoline ( 0, 1) 550 9450 :t 5360 (57%) 

244 3-Methy 1-5-deazal umiflav i ne ( I, 0) 700 3600 :t 2000 (66%) 

245 N-Methyldiphenylamine ( I, 0) 540 26000 :t 14500 (66%) 

246 Methylene Blue cation ( 4, 3) 420 14400 :!: 3210 (22%) 

247 Methylene Blue cation, conjugate monoacid ( 4, 0) 370 13800 ± 3820 (28%) 

2"S a-Methyl·~-ethylstyrene ( 0, 1) 325 4020 :t 22S0 (57%) 

2.9 I-MethyHndole ( 0, 1) 460 5460 :t 3230 (59%) 

250 I-Methylnaphthalene ( 2, 9) 420 20200 :t 5850 (29%) 

251 2-Methylnaphthalene ( I, 1) 420 30600 :t 12600 (41%) 

252 2-Methyl-l,"-naphthoquinone ( I, 0) 400 6600 :t 3670 (56%) 

253 N-Methylphenothiaz;ine ( 0, 1) 465 22600 :t 12900 (57%) 

254 4/1-trans-Methyl retinoate ( 0, 1) 435 82000 ± 47800 (58%) 

255 ( E, E,E}-5-Methy 1-7-( 2 ,6,6-trimethyl-l-eyclohexen-I- ( 2, 2) 440 52000 ± 15600 (30%) 
y 1)-2 ,4,6- heptatrienal 

256 (E,E,E}-6-Methy 1-8-(2,6 ,6-trimet,hyl-l-cy cIohexen-l- ( 1, O) 0 52000 :t 28900 (56%) 
y 1)-3,5, 1-octatrien-2-one 

257 (E,E, Z)-6-Methy I-S-( 2 ,6,6-tri methyl-l-cyclohexen-I- ( 1, 1 ) 0 49000 :t 19500 (40%) 
yl).a,&,7-oehtri"n-2-on" 

258 (E, Z,E}-6-Met,hy 1-8-( 2 ,6,6-tri methy I-l-cyclohexen-I- ( 1, 1) 0 36900 ± 14700 (40%) 
yl)-3,5, 7 -odatrien-2-one 

259 ( E,Z, Z)-6-Methyl-8-( 2 ,6,6-trimethy J-l-cyclohexen-l- ( 1, 0) 0 23000 :t 12800 (56%) 
yl)-3,5, 7 -octatrien-2-one 

260 (E,E)-3-Methyl-5-(2,6,6-trimethyl-l-cyclohexen-l- ( 2, I) 385 32300 :t 10400 (32%) 
yJ)-2,4-pentadienal 

261 (E, Z)-3-Met,hyl-5-(2 ,fI,6-trimethy I-t-eyclo hexen-I- ( I, 1) 0 14500 :t 5780 (40%) 
yl)-2,4-pentadienal 
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256 CARMICHAEL, HELMAN, AND HUG· 

TAI<Lt; 3. Global least-squares fit of TTA E'S - Continued 

No. Compound 

262 (Z,E)-3- Methyl-5-(2,6,6-trimethyl-l-cycIohexen-I­
yl)-2,4-pentadienal 

263 (Z, Z)-3-Methy I-S-(2,6,6-trimethyl-l-cyclohexen-l-
yl)-2,4-pentadienal 

264 3-Methyl-3,4,5-triphenyl-2(3R)-furanone 

265 2-Naphthalenamine, conjugate acid 

266 Naphthalene 

267 Naphthalene-dg 

268 2-Naphthol 

269 I-Naphthyl acetate 

270 2-(1-Naphthyl)benzoxazole 

271 tranll-l-(I-Naphthyl)-2-(2-naphthyl)ethylene 

272 tranll-l-(I-Naphthyl)-2-phenylethylene 

273 trans-I-(2-Naphthyl)-2-phenylethylene 

274 2-(2-Naphthyl)-5-phenyl-I,3,4-oxadiazole 

275 2-(I-Naphthyl)-6-phenyioxazole 

276 Neo-alloocimene 

277 Neomethyiene Blue cation 

278 Gll-trans-Neurosporene 

279 Neutral Red cation, conjugate diacid 

280 5-Nitroacenaphthene 

281 5-Nitro-2-furoic acid 

282 2-Nitronaphthalene 

283 4-Nitro-p-terphenyl 

284 2.Nitrothiophene 

285 Octaethylporphinatotin(IV) dichloride 

286 8,9, to, 11,] 2, 13, 14, 15-0d.ahydro-5,7: 16,18-dietheno-2,21-
octanocyclopentadeca[ 1,2-a: 1,15- a'Jdiindene 

287 Orotate ion 

288 Orotic acid 

28g 7-0xa-2,3-dibenzoylbicydo[2.2.1]hepta-2,5.diene 

290 7 -Oxa-2 ,3-dibenzoylbicyc1o[2.2.1]hept-2-ene 

291 Oxonine cation 

292 Oxonine cation, conjugate monoacid 

293 Palladium(I1) etioporphyrin I 

294 Palladium(n) tetrakis(4-N-methylpyridyl)porphyrin 

295 Palladillm(JI) tetrakis(p-sulfonatophenyl)porphyrin 

296 Palladium(I1) tetraphenylporphyrin 

297 Pentacene 

298 Pentaphene 

299 Perylene 

300 Phenanthrene 

301 Phenanthrene-dlO 

302 Phenazine 

303 Phenothiazine 

304 9-Phenylacridan 

30S 9-Pheny lanthracene 

306 I-Phenylcyc1ohexene 
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Number of 
measurements 
(abs., reI.) 

(1, 1) 

(1, 1) 

(0, 1) 

(1, 0) 

(12, 41) 

(6, 0) 

(0, 1) 

(1, 0) 

(1, 0) 

(0, 1) 

(0, 1) 

(0, 1) 

(I, 0) 

(1, 0) 

(0, I) 

(1, 0) 

(0, 1) 

(1, 0) 

(1, 0) 

(5, 0) 

(1, 0) 

(1, 0) 

(4, 0) 

(1, 0) 

( 1, 0) 

(1, 0) 

(I, 0) 

(0, 1) 

(0, 1) 

(1, 0) 

(1, 0) 

(1, 0) 

(1, 0) 

(1, 0) 

(2, 0) 

(2, 0) 

(1, 0) 

(1, 4) 

(9, 3) 

(4, 0) 

(2, 0) 

(1, 0) 

(1, 0) 

(0, ]) 

(0, 1) 

X(nominal) 
Inm 

o 

o 

370 

410 

415 

4[5 

435 

405 

530 

500 

490 

395 

413 

550 

315 

840 

489 

680 

370 

4110 

360 

340 

545 

418 

397 

315 

280 

410 

450 

750 

650 

410 

450 

460 

450 

305 

493 

485 

490 

490 

355 

460 

520 

428 

325 

E g5% 
/L mol- 1 cm- 1 Confidence 

Interval" 

19100 ± 7590 (40%) 

17600 ± 6g80 (40%) 

11400 ± 6670 (58%) 

8960 ± 49S0 (56%) 

24100 ± 27S0 (12%) 

23500 ± 5340 (23%) 

6680 ± 4560 (68%) 

1400 

24200 

19100 

17100 

8060 

14000 

100000 

1720 

4000 

237000 

12000 

7100 

20700 

3600 

38500 

99ao 

18000 

35900 

22000 

14000 

5840 

2800 

15000 

16000 

70000 

52000 

28000 

47400 

595000 

45900 

13400 

26800 

28700 

37700 

.27000 

10000 

14600 

4420 

± 780 (56%) 

± 13500 (56%) 

± 13100 (69%) 

± 11700 (69%) 

± 5520 (69%) 

± 7780 (56%) 

± 55600 (56%) 

± 1170 (68%) 

± 2220 (56%) 

± 134000 (57%) 

± 6670 (56%) 

± 3950 (56%) 

± 5150 (25%) 

± 2000 (56%) 

± 21400 (56%) 

± 27Rn (28%) 

± 10000 (56%) 

± 20000 (56%) 

± 12200 (56%) 

± 7780 (56%) 

± 3370 (58%) 

± 1610 (58%) 

± 8340 (56%) 

± 8890 (56%) 

± 38900 (56%) 

± 28900 (56%) 

± 15600 (56%) 

± 18600 (39%) 

±234000 (39%) 

± 25500 (56%) 

± 5300 (40%) 

± 4680 (17%) 

± 7970 (28%) 

± 14800 (39%) 

± 15000 (56%) 

± 5560 (56%) 

± 9040 (62%) 

± 2510 (57%) 



LEAST-SQUARES ANALYSIS OF EXTINCTION COEFFICIENTS 

TAn/,R 3. Global least-squares flt of TTA ~'s - Continued 

No. Compound Number of 
meas uremen ts 
(abs., rei) 

307 2,2'-(l,4-Phenylene)bisbenzoxazole (1, 0) 

308 O-(2.Phenyiethyl) 4-(dimethyiamino)benzenecarbothioate (1, 0) 

309 l-Phenylnaphthalene (1, 1) 
310 :I-f'henylnaphthalene 

311 N-Phenyl-2-naphthylamine 

312 2-Phenyl-2-norbornene 

313 9-PhenylproHavine, conjugate monoacid 

31~ Pheophytin <% 

315 Pheophytin b 

316 Photoprotoporphyrin isomer ~A", dimethyl ester 

317 Photoprotoporphyrin isomer "B", dimethyl ester 

318 Phthalazine 

319 Phthalocyanine 

320 15. ci .. Phytoene 

321 all·tr<%n,.Phytoene 

322 }'icene 

323 2-Piperidinoanthraquinone 

324 Poly(2-vinylnaphthalene} 

325 21H,23H-Porphine 

326 Proflavine 

327 Proflavine, conjugate monoacid 

328 Psoralen 

329 4',5'-Psoralen.thymine photo adduct 

330 P.urine 

331 Pyranthrene 

332 Pyrazine 

333 Pyrene 

334 Pyrene·d1o . 

335 I-Pyrenecarboxaldehyde 

336 Quinoline 

337 l1-ci .. Retinal 

338 13-ci .. Retinal 

339 9-ci .. Retinal 

340 all·.trang..Retinal 

341 all-trang..Retinoic acid 

342 o:/l·tra.ne-Retinol b 

343 Retinyl acetate 

344 N-ll- ci .. Retinylidene-n-butylamine 

345 N-all-trang.Retinylidene-n-butylamine 

346 N-all-tralu·Retinylidene-n-butylamine, conjugate acid 

347 Rhodamine 6G 

348 Rhodamine 6G dimer 

349 Riboflavine, conjugate monoacid 

350 Rubrene 

351 Safranine cation 

352 Safranine cation, conjugate diacid 

353 Safranine cation, conjugate monoacid 

354 Selenine cation 

(1, 1) 

(1, 0) 

(0, 1) 

(1, 0) 

( I, 0) 

(1, 0) 

(1, 1) 

(0, 1) 

(1, 0) 

(4, 0) 

(0, 1) 

(0, 1) 

(4, 0) 

(0, 1) 

(0, 4) 

(I, 0) 

(2, 1) 

(2, 2) 

( 1, 3) 

(0, 1) 

(1, 0) 

(0, 1) 

(3, 0) 

(3, 0) 

l 3, 0) 

(10, 0) 

(2, 0) 

(3, 3) 

(1, 3) 

(1, 2) 

(7, 5) 

(0, 1) 

( 2, 19) 

(2, 1) 

(0, 1) 

( ], 2) 

(1, 0) 

(3, 1) 

(2, 0) 

(0, 1) 

(0, 4) 

( 1, 0) 

(1, 0) 

(1, 0) 

(1, 0) 

X(nominal) e 
Inm /L mol-I cm- 1 

480 

450 

490 

43U 

292 

325 

280 

407 

423 

475 

475 

421 

480 

320 

320 

630 

581 

426 

419 

550 

550 

450 

500 

390 

500 

260 

415 

415 

440 

425 

450 

450 

450 

450 

440 

405 

405 

435 

570 

620 

620 

415 

495 

420 

660 

800 

770 

18600 

20000 

21700 

21500 

18000 

47500 

62800 

71200 

35800 

34100 

4450 

29900 

22000 

19700 

45500 

15700 

11100 

98600 

9510 

8270 

11200 

5490 

4100 

20600 

3600 

37700 

40700 

184UO 

6750 

45300 

42400 

42400 

69300 

63100 

51600 

65400 

43200 

74900 

150000 

16000 

13300 

7560 

26500 

10000 

21500 

15500 

17000 

95% 
Confidence 

Interval" 

::!: 10300 (56%) 

± 11100 (56%) 

::!: 8920 (41%) 

::!: 173UU (40%) 

::!: 12000 (56%) 

::!: 10200 (57%) 

::!: :16400 (56%) 

± 34900 (56%) 

± 39600 (56%) 

± 14400 (40%) 

::!: 19900 (58%) 

::!: 2470 (56%) 

± 8300 (28%) 

± 15100 (69%) 

± 11200 (57%) 

::!: 12600 (28%) 

± 9300 (59%) 

± 3640 (33%) 

± 54800 (56%) 

::!: 3120 (33%) 

± 2500 (30%) 

± 3570 (32%) 

::!: 3310 (60%) 

::!: 2280 (56%) 

± 11700 (1!6%) 

± 1160 (32%) 

± 12100 (32%) 

1310U (32%) 

± 3240 (18%) 

::!: 2650 (39%) 

± 10600 (23%) 

± 12300 (29%) 

± 14000 (33%) 

± 11700 (17%) 

± 35800 (57%) 

± 12100 (23%) 

± 21100 (32%) 

± 24500 (57%) 

± 24700 (33%) 

± 83400 (56%) 

± 4460 (28%) 

± 5210 (39%) 

± 4270 (56%) 

± 10300 (39%) 

± 5560 (56%) 

::!: 12000 (56%) 

::!: 8620 (56%) 

::!: 9450 (56%) 
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TAIII.E 3. Globalleast-sq1lares fit of TTA ,,'s - Continued 

No. Compound 

355 Selenine cation, conjugate monoacid 

356 (!/I-trane-Spheroidene 

357 (!/1-tran ... Spheroidenone 

358 all-tTII ..... Spirilloxanthln 

359 trans-Stilbene 

360 trane-Stilbene-d I2 

3(11 Styrene 

362 m-Terphenyl 

363 p-Terphenyl 

364 p-Terphenyl-dI4 

365 4-(4-p-Terphenylylmethyl)benzophenone 

366 2-([1,1':4' ,1" -Terphenyll-4-ylmethyl)triphenylene 

307 Tet-racene 

368 N,N,N' ,N-Tetraethyloxonine cation 

369 N,N,N' ,N' -Tetraethyloxonine cation, conjugate monoa­
dd 

370 6,7 ,8,9-Tetrahydro-4-hydroxythiazolo(4,5-hlisoquinoline-
7-carboxylate ion 

371 Tetrakis(2,6-dimethyl-4-suifonatophenyJ)porphine 

372 Tetrakis(2-N-methylpyridyl)porphine 

373 Tetrakis(3-N- methylpyridy I) porphine 

374 Tetrakis(2-pyridyIJporphine 

375 Tetrakis(3-pyridyl)porphine 

376 Tetrakis(4-pyridyl)porphine 

377 Tetrakis(trimethylaminophenyl)porphine 

378 N,N,N ,N -Tetramethylbenzidine 

379 1, I' ,3,3' -Tetramethyldianthrone 

380 N,N.N'.N -Tdramethvl-p-phenvlenediamine 

381 3,3,4,5-Tetraphenyl-2(31l)-furanone 

382 meso-Tetraphenylporphine 

383 1,3,6,8-Tetraphenylpyrene 

384 Thiobenzophenone 

385 Thionine cation 

386 Thionine cation, conjugate monoacid 

387 Thiopyronine cation 

388 4-Thiouridine 

ago OB-Thiox ... nth .. n .. -O-thion .. 

390 Thioxanthen-9-one 

391 Thymidine 

202 Thymidine 6'-monophosph"te 

393 Thymine 

394 e-Triazine 

395 4-(Trifluoromethyl)acetophenone 

396 4-(Trifluoromethyl)benzophenone 

397 4,4,4-Trifluoro-l-phenyl-l,3-butanedionatosodium 

398 4,5',8-Trimethylpsoralen 

399 Triphenylamine, conjugate acid 

400 Triphenylene 
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Number of 
measurements 
(abs., reL) 

( 1, OJ 

(0, 1) 

(0, 1) 

(D, 1) 

(1, 0) 

(I, 0) 

(U, 1) 

(1, 0) 

(3, 0) 

(1, 0) 

( 1, 0) 

(1, 0) 
(3, 0) 

(1, 0) 

(1, 0) 

(0, 1) 

(1. 0) 

(1, 0) 

(1, 0) 

(1, 0) 

(1, 0) 

( 1, 0) 

(1. 0) 

(3, 0) 

(2, 0) 

(2. 8) 

(O. 1) 

(2, 0) 

( I, 0) 

(0, 1) 

(3, 0) 

(4, 0) 

(3, 0) 

(0, 2) 

(0, 1) 

(0, 2) 

(0, 1) 

(1, 1) 

(0, 2) 

(1, 0) 

(0, 1) 

(0, 1) 

(1, 1) 

(0, 1) 

( I, 0) 

(8, 0) 

~(nominaI) 
Inm 

650 

510 

550 

560 

378 

378 

325 

436 

460 

460 

480 

471 

465 

820 

700 

370 

780 

790 

840 

790 

790 

790 

800 

475 

485 

620 

36~ 

785 

510 

400 

770 

650 

660 

520 

505 

650 

370 

370 

340 

245 

455 

320 

620 

470 

546 

430 

" 95% 
/L mol-I cm- I Confidence 

Interval" 

15500 :t 8620 (56%) 

267000 :t 152000 (57%) 

52400 :t 29700 (57%) 

79500 

34000 

28000 

2210 

3900 

72700 

12900 

110000 

100000 

67900 

24000 

28000 

8890 

3200 

2600 

3200 

2600 

3600 

3800 

3200 

38700 

26000 

17000 

13500 

6000 

19700 

4950 

10900 

18000 

4370 

32300 

2680 

26200 

2320 

3290 

2580 

6000 

2290 

22400 

11400 

25700 

9900 

13500 

::t 45100 (57%) 

± 18900 (56%) 

± 15600 (56%) 

:t 1250 (57%) 

:t 2170 (56%) 

:t 23300 (32%) 

::t 7170(56%) 

::t 61100 (56%) 

:t 55600 (56%) 

:t 18600 (32%) 

:t 13300 (56%) 

:t .15600 (56%) 

:t 6650 (75%) 

:t 1780 (56%) 

:t 1450 (56%) 

:t 1780 (56%) 

:t 1450 (56%) 

± 2000 (56%) 

± 2110 (66%) 

± 1780 (66%) 

± 12400 (32%) 

± 10200 (39%) 

± 4noo (24%) 

± 7760 (58%) 

± 2360 (39%) 

± 11000 (56%) 

± 2850 (58%) 

± 3490 (32%) 

± 5000 (28%) 

± 1400 (32%) 

± 14800 (46%) 

:!: 1400 (68%) 

:t 10600 (41%) 

:t 1400 (60%) 

.L 13(;0 (41%) 

:t 1180 (46%) 

:t 3340 (56%) 

± 1350 (59%) 

± 14000 (63%) 

:!: 4530 (40%) 

:t 16100 (63%) 

± 5500 (56%) 

± 2660 (20%) 



LEAST-SQUARES ANALYSIS O.F EXTINCTION COEFFICIENTS 

TAnl,": 3; Globalleast-sqllares fit of TTA. E'S - Cont.inued 

No. Compound 

401 Triphenylene-rt l2 

402 3,3,5-Triphenyl-2(3R)-furanone 

403 Tris(2,2'-bi!>yridine)osmium(lI) ion 

41H. Trls(3,2 '- blpyrldlnt»rutllenlum(I1) Ion 

405 Tris(l,lO-phenanthroline)rhodhim(lJI) ion 

406 Tri!( 4,4.4-trifluoro-l-phenyl-l,3-
but..n..dion..to)l .. nth .. num(I1I) 

407 Tris( 4,4,4-trifluoro-I·phenyl-l,3-
butanedionato}lutetium(lII) 

4U8 Tryptophan 

409 [)J.-Tryptophan 

410 I.-Tryptophan 

411 Ubiquinone 30 

412 Uracil 

413 Uridine 

4U Uridine monophosphate 

416 Uroporphyrin I, octamethyl ester 

416 2-Vinylnaphthalene 

H 7 91l-Xanthene-9-thione 

418 Xanthone 

419 Zinc(I1) etioporphyrin I 

420 Zinc(I1) phthalocyanine 

421 Ziric(U) t.etrabenzoporphyrin 

422 Zinc(JI) tetrakis(2,6-dimethyl-4-
sulfonatophenyl)porphyrin 

423 Zinc(I1) tetrakis(3-N-methylpyridyl)porphyrin 

424 Zinc(I1) tetrakis( 4.N-methylpyridyl)porphyrin 

425 Zinc(Il) tetrakis(trimethylaminophenyl)porphyrin 

Number of A(nominal) £ 95% 
measurements /nm /L mol-I cm- I Confidence 
(abs., reL) Interval" 

(1, 0) 

(0, 1) 

(1, 0) 

(5, 0) 

(0, 1) 

(1, 1) 

(1, 1) 

(1, 0) 

(1, 0) 

(1, 0) 

(0, 3) 

(0, 2) 

(0, 1) 

(0, 1) 

(1, 1) 

(0, 1) 

(0, 1) 

(0, 2) 

(1, o) 

(4, OJ 

(1, 0) 

(1, 0) 

(1, 0) 

(2, 0) 

(1, 0) 

430 

330 

366 

31U 

490 

620 

620 

460 

485 

450 

440 

350 

370 

390 

440 

426 

345 

605 

440 

480 

490 

830 

440 

1020 

840 

12000 

13500 

17700 

27600 

4430 

23300 

27800 

5000 

3700 

8000 

8310 

1730 

4130 

5810 

27700 

12200 

15900 

6480 

99000 

28900 

74000 

6000 

57000 

1200 

5000 

:t. 6670 (56%) 

± 7760 (58%) 

:t. 9840 (66%) 

:t. 6860 (25%) 

± 2560 (58%) 

± 9250 ('0%) 

::t 11000 (40%) 

::t 2780 (66%) 

::t 2060 (56%) 

± 4450 (56%) 

± 2820 (34%) 

± 790 (46%) 

:!: 2490 (60%) 

::t 3500 (60%) 

± 11200 (40%) 

:t. 7090 (68%) 

::!:: 9160 (68%) 

::!:: 2620 (40%) 

::t 55000 (56%) 

:t 8030 (28%) 

::t 41100 (56%) 

±3340 (56%) 

:t 31700 (56%) 

± 2830 (39%) 

± 2780 (56%) 

Sp~cia.l S~t 01 Mea,urementr ill Btllzen~ 

426 Acridine/Benzene 

427 Anthracene/Benzene 

428 Benzophenone/Ben~ene 

429 Biphenyl/Benzene 

430 Naphthalene/Benzene 

431 Benz[4]anthraeene/Benzene 

432 ~henanthrene/Henzene 

433 pyrene/Benzene 

434 Triphenylene/Benzene 

435 3-Carbethoxypsoralen/Benzene 

436 ~-apo-14' -Carotenal /Benzene 

437 9,10-Diphenylanthraeene/Benzene 

438 1,4-Diphenylbutadiene/Benzene 

439 1,6-Dipheriylhexatriene/Benzene 

440 1,8-Diphenyloctatetraene/Benzene 

441 Duroquinone/Benzene 

442 C ! 7" aldehyde /Benzene 

443 a11-t'llng..Retinal/Benzene 

(3, 0) 

( 3, 12) 

( 5, 46) 

( 1, 33) 

( 1, 19) 

( 1, 2) 

(1, 1) 

(1, 0) 

(0, I) 

(0, I) 

(0, 1) 

(0, 3) 

(1, 0) 

(1, 3) 

(1, 2) 

(1, 2) 

(0, 2) 

(0, 2) 

440 

430 

525 

360 

415 

490 

490 

415 

430 

450 

480 

441i 

390 

420 

440 

4!l0 

4~0 

450 

25400 

49800 

7870 

25000 

14400 

19800 

15600 

20900 

6190 

Bill 0 

114000 

14500 

45000 

105000 

178000 

1030 

58300 

58400 

:t 8160 (32%) 

::t 8370 (17%) 

::t 1200 (16%) 

::t 4410 (18%) 

± 2900 (20%) 

± 6790 (34%) 

± 6270 (40%) 

± 11600 (56%) 

± 3570 (58%) 

± 4030 (58%) 

± 77800 (68%) 

± 4990 (34%) 

::t 25000 (56%) 

:!: 32200 (31%) 

:!: 60000 (34%) 

± 2330 (33%) 

± 25300 (43%) 

± 24100 (41%) 

259 

J.Phys. Chem. Ref. Data, Vol. 16, No.2, 1987 



260 CARMICHAEL, HELMAN, AND HUG 

Table 3. Global leaRt-squares fit of TTA €'S - Continued 

Nn Clnmpound 

444 N,N,N ,N' -Tetramethyl- p-phenylenediamine/Benzene 

445 Zinc(I1) phthalocyanine/Benzene 

Number of 
measurements 
(aba., reI.) 

(1, 0) 

(1, 0) 

>-.(nomiMI) 
Inm 

620 

480 

c 0&% 
IL mol- 1 cm- l Confidence 

Interval" 

12200 ± 6780 (56%) 

51000 ± 284.00 (56%) 

a Confidence intervals for compounds with only one measurement are based on the 'assumption that the estimate of the variance 
Q/(n-p) for multiply-measured compounds is the same as that for singly-measured compounds. Q/(n-p) is the estimate of the 
variance of the underlying distribution of the errors in individual determinations of extinction coefficients. 

I. Use 80000 L mol-I cm- I for retinol in hexane, see Section 3.7. 

4. Acknowledgments 
. The Radiation Chemistry Data Center is supported 

jointly by the National Bureau of Standards, Office of Stan­
dard Reference Data, and by the Office of Basic Energy Sci­
ences of the Department of Energy. This is Radiation Labo­
ratory Document No. NDRL-2871. 

5. References 
Ip. Roman, Advanced Quantum Theory (Addison-Wesley, Reading, MA, 
1965), p. 143. 

zJ. B. Birks. Photoph,vsics of Aromatic Molecules (Wiley. London. 1970). 
lI. Carmichael and G. L. Hug, J. Phys. Chern. Ref. Data 15, I (1986). 
4B. Ostle and R. W. Mensing, StatisticS in Research, 3rd ed. (Iowa State 
University, Ames, lA, 1975). 

5SAS User's Guide: Statistics. 1982 Edition (SAS Institute, Cary, NC, 
1982) . 

tiE. R. Cohen, K. M. Crowe, and J. W. M. DuMond, Fundamental Con­
stantsofPhysics (Interscience, New York, 1957). 

'E. Whittaker and G. Robinson, The Calculus of Observations, 4th ed. 
(Blackie, LOndon, 1944). 

8M. S. Bartlett, Biometrics 3,39 (1947). 
9W. P. Helman, in Appendix II of paper by F. Wilkinson and J. G. Brum­
mer, J. Phys. Chern. Ref. Data 10,809 (1981). 

l"Modified from routines in UNPACK, see J. J. Dong~a, J. R. Bunch, C. 
B. Moler, and G. W. Stewart, UNPACK Users' Guide (Soc. Indust. 
Appl. Math., Philadelphia, PA, 1979). 

J. Phys. Chem. Ref. Data, Vol. 16. No.2. 1987 

IIW. P. Helman, G. L. Hug, I. Cannichael, and A. B. Ross, J. Chern. Inf. 
COmput. :SCI. 26, 99 (l9ti6) . 

12 A. G. Worthing and J. Geffner, Treatment of Experimental Data (Wiley, 
New York, 1943). 

IJR. Bensasson and E. J. Land, Trans. Faraday Soc. 67, 1904 (1971). 
u). K. Hu£lt::y, N. Sinai, and H. Linschltz, 'Photochem. 1'hotoblol. 33, 9 

(1983). 
15E. J. Land, Proc. R. Soc. (London) Ser. A 305,457 (1968). 
16E. J. Land, Trans. Faraday Soc. 65, 2815 (1969) ~ 
I'D. Feldman and J. Gagnon, Stat View: A Graphic Statistics Utility for the 

Macintosh (BrainPower, Calabasas, CA, 1985). 
18A. Hald, Statistical Tables and Formulas (Wiley, New York, 1952): 
19M. Kendail and A. Stuart, The Advanced Theory of Statistics, 4th ed. 

(Mllcmilhm, N"w Vorl<, 1<)77), VoI. 2, pp.476 and 530. 
2OS. Siegel, Nonparametric Statistics for the Behavioral Sciences (McGraw­

Hill, New York, 1956). 
ZlC. Hastings, Jr., Approximations for Digital Computers (Princeton Uni­

versity, Princeton, NJ, 1955). 
2ZG. V. Buxton, C. L. Greenstock, W. P. Helman, and A. B. Ross (in 

preparation) . 
23L. Branscomb, Am. Sci. 73, 421 (1985). 
24C. A. Parker, Photoluminescence of Solutions (Elsevier, Amsterdam, 

1968). 
25R. Bensasson, E. A. Dawe, D. A. Long, and E. J. Land, J. Chern. Soc. 

Faraday Trans.l73, 1319 (1977). 
26K. Bhattacharyya and P. K. Das, Chern. Phys. Lett. 116, 326 (1985). 
271. Carmichael and G. L. Hug, J. Phys. Chern. 89, 4036 (1985). 
1ST. Rosenfeld, A. Alchalel, and M. Ottolenghi, in Excited States of Biologi­

cal Molecules, edited by J. B. Birks (Wiley, New York, 1976), p. 54Q. 


