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Singular value decomposition (SVD) and determination of number of absorbing species 

During titration experiment only a few absorbing species are present in the measured spectrum (e. g. free 

host, complex 1:1, complex 1:2, etc.). Measured spectra (absorbance values) from a titration experiment 

could be arranged into a Nres × Nexp matrix A, where Nexp is number of titration steps and Nres is number of 

discrete points each spectrum consists of. 

Assuming spectral shape of these absorbing species is constant during the whole experiment, matrix A 

can be viewed as linear combination of matrix of ŀōǎƻǊōƛƴƎ ǎǇŜŎƛŜǎΩ ǎǇŜŎǘǊŀΦ ¢Ƙƛǎ ƭƛƴŜŀǊ ŎƻƳōƛƴŀǘƛƻƴ ƛǎ 

expressed as a matrix product: 

Ἃ В Ἠ ἐǎǇŜŎ       (S1) 

where ˂  Ґ мΣ н Χ Nres and  n Ґ мΣ нΣ Χ Nexp.  

Columns of Z contain spectral shapes of absorbing species and rows of F contain their fractions during 

experiment (each column of F sums to 1). Nspec stands for number of present absorbing species (for 

example: Nspec =3 if only free porphyrin, complex 1:1 and complex 1:2 are present). Correct number of 

Nspec can be deduced from singular value decomposition (SVD)S1-S4 procedure applied to the matrix A:  

Ἃ В  В ἣ ἥŜȄǇ ἤǊŜǎ      (S2) 

where again ˂ Ґ мΣ н Χ Nres and  n Ґ мΣ нΣ Χ Nexp.  

Columns of the square orthonormal Nres × Nres matrix U are called basis spectra. W is a rectangular diagonal 

Nres × Nexp matrix. These numbers are denoted as singular values and are sorted in descending order. Rows 

of the square orthonormal Nres × Nres matrix V are called amplitude vectors. A convenient compact form 

of SVD is A = UK (where K = WV), where rows of K are called combination coefficients.  

In the presence of Nspec absorbing species in the titration experiment, first Nspec basis spectra carry the 

information about spectral shape of the absorbing species, first Nspec amplitude vectors (or combination 

coefficients) carry the information about their fraction in the sample. Remaining parts of the matrices U 

and V or K represent noise. Using approximate transformation matrix basis spectra can be transformed 

into the matrix of absorbing spectra Z and amplitude vectors/combination coeff. into the matrix of 

fractions FS1,S3,S5 

The presence of Nspec absorbing species causes first Nspec singular values to be substantially higher than 

the rest (holds for sufficiently high signal/noise ratio, Nspec is often denoted as the factor dimension). 

Another indicator is a plot of residuals that describes average standard error of the SVD approximation of 

measured spectra for given factor dimension. Residuals are defined as follows.S2 
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For i = Nspec the value of the residual drops significantly since all relevant spectra of absorbing species are 

included in SVD approximation of A. For i > Nspec the value of residual does not change much since only 

basis vectors which consists mostly of noise are added into SVD approximation. Signal containing basis 

and amplitude vectors also tend to have higher autocorrelation compared to noise containing vectors. 
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The simplest case Nspec = 2 can be easily identified observing plot of mutual dependence of the first two 

combination coefficients which should be linear.S6  
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Table S1. Overall results of binding properties of 1 and Bn2OxP as obtained from analysis of UV-vis and 
NMR titration experiments with various anions. Intervals of acceptable values salt dissociation constants 
Kd and host-anion binding constants KA. 

Host 
TBA 

anion 

  Acceptable range(a)   Best fit(b) 

  Kd / M KA / M -1   Kd / M KA / M -1 

1 Cl- (c)   3.8³10-6 - 7.0³10-5 1.5³105 - 6.0³105   1.6³10-5 2.1³105 

1 NO3
-  5.0³10-5 - 1.4³10-3 1.4³105 - 2.0³105  1.4³10-4 1.5³105 

1 ClO4
-  2.5³10-4 - 6.7³10-4 1.2³104 - 1.9³104  3.9³10-4 1.5³104 

1 HSO4
-   < 1.0³10-6 > 3.3³106   ---- ---- 

Bn2OxP Cl- (c)  1.6³10-6 - 2.2³10-5 2.8³104 - 2.1³105  6.9³10-6 6.7³104  

Bn2OxP NO3
-   7.0³10-5 - 2.0³10-4 1.7³104 - 2.7³104   1.2³10-4 2.2³104 

(a) Acceptable range of Kd and KA values as determined by simultaneous analysis of NMR and UV-vis data. 
(b) Best fit denotes the value of of Kd and KA at which the total sum of squares (TSS) was minimal. 
(c) Dissociation constant for TBACl is Kd = 1.6 (°0.2) ³ 10-5 M in CH2Cl2 (at 22 °C).S7 
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Figure S1. 1H NMR spectra assignment of 1 (2 mM, 25 °C). (a) Aromatic portion of spectrum in neat CDCl3 
solvent. (b) Whole spectrum in neat CDCl3 solvent. (c) Aromatic portion of spectrum in CDCl3 with addition 
of acetone-d6. (d) Whole spectrum in CDCl3 with addition of acetone-d6. Hash mark (#) denotes impurities. 
5ƻǳōƭŜ ŘŀƎƎŜǊ ƳŀǊƪ όϟύ ŘŜƴƻǘŜǎ ǊŜǎƛŘǳŀƭ /I/ƭ3. 
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Figure S2. 1H-1H COSY NMR spectra of 1 (2 mM, 25 °C) in (a,b) CDCl3 and in (c,d) CDCl3 with addition of 
acetone-d6. c*and d* resonances are both at one of the hemiquinonoid groups adjacent to imidazole group. 
5ƻǳōƭŜ ŘŀƎƎŜǊ όϟύ ƳŀǊƪ ŘŜƴƻǘŜǎ ǊŜǎƛŘǳŀƭ /I/ƭ3. 
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Figure S3. Calculated structures of 2. Structures of the HOMO and LUMO orbitals in the absence and 
presence of fluoride or chloride anions revealing only minor perturbations by interaction of the anions at 
-̡substituent. The main effect is global increase in energy level of the orbitals without significant variation 

of the HOMO-LUMO gap. Substantial increases in dipole moment suggest increasing ionic character 
apparently at the ̡-substituent. 
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Figure S4. Calculated structures of 1. Structures of the HOMO and LUMO orbitals in the absence and 
presence of anions suggest that binding at calix[4]pyrrole closes somewhat the HOMO-LUMO gap, while 
ōƛƴŘƛƴƎ ŀǘ ʲ-ǎǳōǎǘƛǘǳŜƴǘ ƻǇŜƴǎ ƛǘ ǎƭƛƎƘǘƭȅΦ LƴǘŜǊŀŎǘƛƻƴ ŀǘ ǘƘŜ ʲ-substituent increases the dipole moment 
(similarly to 2) more substantially than interaction at calix[4]pyrrole. 

 

 

 

 

 




