
Ap pli ca tion of Mo lec u lar Descriptors to the Pre dic tion
of Re ten tion in Or ganic Sol vent Nanofiltration

by S. Koter1*, B. Gilewicz-£ukasik1, A. Nowaczyk2 and J. Nowaczyk1

1Fac ulty of Chem is try, Nicolaus Co per ni cus Uni ver sity, 7 Gagarin St., 87-100 Toruñ, Po land
*e-mail: skoter@chem.uni.torun.pl, tel. +48 56 6114318

2Fac ulty of Phar macy, Collegium Medicum in Bydgoszcz, Nicolaus Co per ni cus Uni ver sity,
9 Sklodowskiej-Cu rie St., 85-094 Bydgoszcz, Poland

(Re ceived May 12th, 2009; re vised manu script July 20th, 2009)

An at tempt to ap ply the mo lec u lar descriptors for the char ac ter iza tion of re ten tion of sol -
utes in or ganic sol vent nanofiltration has been per formed. The descriptors were cal cu -
lated us ing the pro gram Dragon. The ge om e try of each sol ute mol e cule has been
op ti mized us ing Gaussi an®. Two lin ear equa tions re lat ing the re ten tion co ef fi cient,
R, with one or two descriptors have been tested us ing two sets of sol utes. The first one
(“soft” set) con sisted of sat u rated and ar o matic hy dro car bons (data of  White, J. Membr.
Sci., 205, 191 (2002)), the sec ond one (“hard” set) con tained the sub sti tuted ar o matic hy -
dro car bons with heteroatoms (data of Geens et al., J. Membr. Sci., 281, 139 (2006)).
It has been found that the “soft” set of com pounds is de scribed rea son ably well by both
equa tions. The best descriptors be long to GET AWAY descriptors and Bur den eigen -
values. Re gard ing the “hard” set of com pounds only the 2-descriptors equa tion yields
a sat is fac tory fit ting of R. Here the 3D-MoRSE descriptors are the best for 7 of 14 mem -
brane-sol vent sys tems.
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In the re cent pa per [1] Livingston et al. raised the prob lem of find ing a stan dard
method for the characterization of or ganic sol vent nanofiltration mem branes. Re -
gard ing the nanofiltration of aque ous so lu tions the meth ods de ter min ing the mo lec u -
lar weight cut off (MWCO) do ex ist. How ever, as the kind of sol vent sig nif i cantly
changes the re jec tion char ac ter is tics of mem branes, the prob lem of find ing a method
char ac ter iz ing the mem branes in many sol vents is much more dif fi cult. To de ter mine
MWCO of mem branes in the or ganic sol vent nanofiltration Livingston et al. [1] have
pro posed a ho mol o gous se ries of sty rene oli go mers which are sol u ble in many or -
ganic sol vents. They were able to de ter mine pre cisely MWCO of com mer cial
StarmemTM OSN mem branes in dif fer ent sol vents (to lu ene, ethyl ac e tate, meth a nol,
hex ane). How ever, it does not mean that we will be able to pre dict the re ten tion for
a given mem brane-sol vent sys tem when us ing dif fer ent sol utes. Such a doubt ap pears 
when we an a lyze the data of Geens et al. [2]. For ex am ple the mem brane MPF44
(Koch, USA) re jects in 61% bromomethyl blue when dis solved in meth a nol and only
9% when in ac e tone. Gen er ally, the re ten tion of the same set of sol utes in dif fer ent
sol vents is poorly cor re lated – see Ta ble 5 where the de ter mi na tion co ef fi cients cal -
cu lated for the Geens et al. re ten tion co ef fi cients of the same set of sol utes in var i ous
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mem brane-sol vent sys tems are shown. There fore it seems to be im pos si ble to fully
char ac ter ize a mem brane us ing one set of sol utes.

As MWCO does not seem to be the best pa ram e ter for char ac ter iz ing a given
mem brane-sol vent sys tem (the mol e cules of the sim i lar MW may have dif fer ent
shape, func tional groups, and thus dif fer ent in ter ac tions with mem brane and sol -
vent), in this work the pos si bil ity of ap ply ing the physicochemical descriptors of sol -
utes for that pur pose is pre sented. Such descriptors are widely ap plied in the
quan ti ta tive struc ture-ac tiv ity and struc ture-prop erty re la tion ship stud ies. A num ber
of quan ti ta tive struc ture-ac tiv ity re la tion ship (QSAR) stud ies have been re ported
in the med i cal re search, which use cal cu lated mo lec u lar descriptors in pre dict ing
anticancer [3], antiinflammatory [4] and CNS ac tiv ity [5], as a set of physico -
chemical, phar ma co log i cal or tox i co log i cal prop er ties of sub stance. The quan ti ta tive 
struc ture-prop erty re la tion ship (QSPR) ap proach is a very use ful tool in pre dic tion of 
ex per i men tal physicochemical prop er ties [6] such as: octanol-wa ter par ti tion co -
ef fi cient [7], va por pres sure of or ganic com pounds [8], gas-phase re ac tion rate con -
stants [9].

We have cho sen two sources of ex per i men tal data on the or ganic sol vent
nanofiltration – pub lished by White [10] and by Geens et al. [2]. In the first pa per
the fil tra tion of a to lu ene so lu tion con tain ing a mix ture of sat u rated and ar o matic
hy dro car bons (n-dec ane, 1-methyl-naph tha lene, n-hexadecane, 1-phenylundecane,
pristane, n-docosane) through a sol vent re sis tant polyimide mem brane [11] was
in ves ti gated (see Fig. 1). In the sec ond work [2] the data on the fil tra tion of sin gle sol -
ute so lu tions through the com mer cial mem branes were pub lished. The fol low ing
mem branes were used: MPF-44 and MPF-50 made from PDMS (Koch, USA),
Desal-5-DK from PA (Osmonics, USA), SolSep-169 (SolSep, The Neth er lands),
HITK-T1 (HITK, Bel gium) and FSTi-128 (VITO, Ger many). The last two mem -
branes were made from TiO2. Among many re ten tion data pre sented in [2] we have
cho sen those for the so lu tions of eusulex, 2,2-meth y lene-(6-tert-butyl-4-methyl-phe -
nol), Vic to ria Blue, DL-a-tocopherol hy dro gen succinate, bromothymol blue and
eryth ro sine B in the sol vents: meth a nol, eth a nol, ac e tone, ethyl ac e tate, n-hex ane
(see Figs. 2 and 3).

In this pa per we will test a lin ear re la tion ship be tween the re ten tion co ef fi cients
of sol utes, R, and their descriptors, d. Two cases will be con sid ered – R as a func tion
of one and two descriptors. The ap pli ca bil ity of a given re la tion will be as cer tained
on the base of the squared cor re la tion co ef fi cient (de ter mi na tion co ef fi cient), r2,
and the cross-val i da tion co ef fi cient, Qcv

2 .

CAL CU LA TION OF DESCRIPTORS

Be fore the cal cu la tion of descriptors, the ge om e try of each mol e cule has been op ti mized at the ab in -
itio level of the ory us ing Gaussi an® [12] – cal cu la tion for iso lated sys tems in vac uum has been con ducted
us ing the DFT method with the B3LYP func tional and 6-31G ba sis set. How ever, one should re mem ber
that in dif fer ent en vi ron ments (e.g. so lu tion) the mol e cules may have dif fer ent 3D ge om e tries and thus
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some of descriptors based on the de tailed struc ture of mol e cule may not be fully cor rect. It should
be marked that in the most of QSAR/QSPR anal y sis descriptors of the mol e cule are cal cu lated from 3D
ge om e try op ti mized for iso lated mol e cule in vac uum [13].

The descriptors were cal cu lated us ing the pro gram Dragon ver. 5.5 [14] en abling the cal cu la tion of
1664 descriptors di vided into 20 groups. All other cal cu la tions were per formed us ing the pro gram
Mathematica® (Wol fram). The short char ac ter iza tion of descriptors and lit er a ture on that sub ject can be
found on the internet site of the Vir tual Com pu ta tional Chem is try Lab o ra tory [15]. One of the ba sic
sources is the book by Todeschini and Consonni [16].

Ta ble 1. Descriptors which can be cal cu lated us ing the pro gram Dragon ver. 5.5 [14].

Group No of descrptors Our ab bre vi a tions

Con sti tu tional descriptors  48 CD
Top o log i cal descriptors 119 TD
Walk and path counts  47 WPC
Con nec tiv ity in di ces  33 CI
In for ma tion in di ces  47 II
2D autocorrelations  96 2DA

Edge ad ja cency in di ces 107 EAI
Bur den eigenvalues  64 BE

Top o log i cal charge in di ces  21 TCI
Eigen-value based in di ces  44 EI
Randic mo lec u lar pro files  41 RMP
Geo met ri cal descriptors  74 GD

RDF descriptors 150 RDF
3D-MoRSE descriptors 160 MD

WHIM descriptors  99 WHIM
GET AWAY descriptors 197 GET
Func tional group counts 154 FGC
Atom-cen tred frag ments 120 ACF

Charge descriptors  14 ChD
Mo lec u lar prop er ties  29 MP

Not all the descriptors were taken into ac count. From the cal cu lated set of descriptors for a given
set of sol utes the fol low ing descriptors were re moved: (i) of the same val ues for all sol utes in the set of
sol utes, (ii) of value ex actly zero for any of sol utes in the set.

Many of the descriptors are highly cor re lated with each other, e.g. for all the sol utes dis cussed in this
pa per the descriptor nBO (num ber of non-H bonds, the same as MWC01, MPC01 and SRW02 di vided
by 2) shows r2 > 0.9999 with the Randic-type eigenvector-based in di ces from ad ja cency ma trix (VRA1),
dis tance ma trix (VRD1), Z weighted dis tance ma trix (Barysz ma trix) (VRZ1), mass weighted dis tance
ma trix (VRm1), van der Waals weighted dis tance ma trix (VRv1), electronegativity weighted dis tance
ma trix (VRe1) and polarizability weighted dis tance ma trix (VRp1). How ever, as we also dis cuss the re -
ten tion co ef fi cients as a func tion of two descriptors from the same group, we have not re moved highly cor -
re lated descriptors from dif fer ent groups.

RE SULTS AND DIS CUS SION

Descriptors for the re ten tion data of White. The data of White re fer to the fil -
tra tion of mix ture of sol utes in to lu ene [10]. The con cen tra tion of each sol ute was ca.
2 wt.%. The struc tures of com pounds op ti mized at the ab in itio level of the ory are
shown in Fig ure 1. The re jec tion co ef fi cient and molality of sol ute are in cluded in
the pa ren the ses.
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Fig ure 1. Struc tures of sol utes in ves ti gated by White [10], op ti mized us ing the Gaussi an®; in pa ren the -

ses the re jec tion co ef fi cient R [%] is given.

n-dec ane (R = 44)

1-methyl-naph tha lene (R = 1)

n-hexadecane (R = 79)

1-phenylundecane (R = 66)

pristane (R = 95)

n-docosane (R = 92)



One descriptor. Some of descriptors show ing the high est cor re la tion with the
re ten tion co ef fi cient R are listed in Ta ble 2. It is seen that for the descriptors H4p
and RTu from the GET group the value of de ter mi na tion co ef fi cient r2 ex ceeds 0.99.
It im plies that the re ten tion of spe cies in the mix ture can be ap prox i mated by these
descriptors, d, us ing a lin ear func tion:
R = a0 + add (1)

To show the sig nif i cance of equa tion co ef fi cients ai, i = 0, d, in Ta ble 2 the ra tio of
the ab so lute value of ai to its stan dard de vi a tion, |ai|/s(ai), is also shown. Ap ply ing the 
t-Stu dent test it is seen that |ad|/s(ad) is much higher than the value of t(1-a/2,f) = 2.78
for the con fi dence co ef fi cient 1-a = 0.95 and the de gree of free dom f = 4 [17]. The in -
equal ity |ad|/s(ad) > t(1-a/2,f) means that the term add in Eq. (1) is sig nif i cant. The in -
ter nal pre dict abil ity of the model equa tion (1) is char ac ter ized by the cross-val i dated
squared cor re la tion co ef fi cient, Qcv

2 , ac cord ing to which the data in  Ta ble 2 are or -
dered. It is cal cu lated ac cord ing to the leave-one-out method (LOO) from the for mula 
[18]:

Q R R R Rcv i i cv
i

n

i
i

n
2 2

1

2

1

1= - - -
= =
å å( ) / ( ), (2)

where Ri is the ex per i men tal value of re ten tion co ef fi cient of sol ute i, R – arith me tic
mean of Ri, i = 1,..,n. Ri,cv is cal cu lated from Eq. (1), where a0 and ad are cal cu lated
tak ing the data for n-1 sol utes (with out i-th sol ute). All the descriptors which yield 
Qcv

2  higher than ar bi trarily as sumed value 0.95 are listed in Ta ble 2. For H4p and
RTu Qcv

2  ³ 0.98. It is seen that for lower value of r2, Qcv
2  can be higher than that for

higer r2 (descriptors BIC0 and RTe).

Ta ble 2. Descriptors of  Qcv
2  > 0.95 and the pa ram e ters of Eq. (1) for White’s re ten tion data (Fig. 1).

Group Descriptor r2 Qcv
2 a0 |a0|/s(a0) ad |ad|/s(ad)

GET H4p 0.994 0.985 –12.7   4.1 145 27

GET RTu 0.991 0.980 –82.9 12 5.74 21

II BIC0 0.988 0.975 343 22 –1635 18

GET RTe 0.990 0.974 –85.3 11 6.38 20

BE BELm4 0.982 0.969 –136 10 127 15

BE BELv4 0.981 0.966 –120  9 124 14

BE BELp4 0.980 0.963 –114  9 123 14

GET HIC 0.980 0.956 –173 10 46.1 14

Ap ply ing the F-test, it is pos si ble to cal cu late that for the con fi dence level 0.95
and the de gree of free dom 4 (F(0.95,4,4) = 6.4) the lower limit of r2, which can be still 
re garded as sim i lar to the high est one, is equal: r F r

lo
2

hi
2- -= ×1 1( ) = 1-6.4·(1-0.994) =

0.962. There are > 20 descriptors of r2 higher than that limit. Most of them be long
to 2 groups – GET (GET AWAY – GE om e try, To pol ogy, and Atom-Weights As sem -
blY) and BE descriptors (Bur den eigenvalues). Be cause of too many descriptors and
the com pli cated way of their cal cu la tion, it is dif fi cult to pres ent any anal y sis of
the re la tion be tween the descriptor char ac ter and the re ten tion data. There fore only
a short char ac ter is tics of the best descriptors is given be low.
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The descriptors H4p, H4v (not shown in Ta ble 2), RTu and RTe of the GET group
are based on the spa tial autocorrelation for mu las, weight ing the mol e cule at oms by
physico-chem i cal prop er ties to gether with 3D in for ma tion en coded by the el e ments
of the mo lec u lar in flu ence ma trix H and in flu ence dis tance ma trix R. H4p and H4v
are descriptors of H autocorrelation of lag 4 class weighted by atomic polarizabilities
and by atomic van der Waals vol umes, re spec tively. RTu and RTe are R to tal in dex (R
is the in flu ence/dis tance ma trix de rived from mo lec u lar in flu ence ma trix H de fined
as H = M·(MT·M)–1·MT, where M is the mo lec u lar ma trix con sist ing of the cen tered
Car te sian co or di nates x, y, z of the mol e cule at oms) un weight ed and weighted by
atomic San der son electronegativities, re spec tively. These descriptors, as based on
spa tial autocorrelation, en code in for ma tion on struc tural frag ments and their in flu -
ence on the mo lec u lar size and shape as well as for spe cific atomic prop er ties (in this
case atomic van der Waals vol umes, atomic polarizabilities and atomic San der son
electronegativities).

Two descriptors. Ap prox i mat ing the re ten tion co ef fi cient us ing two descriptors:
Ri = a0 + ad1d1,i + ad2d2,i (3)

only the pa irs of de script ors from the same de script or gro up have been used. Com par ing
to Eq. (1) the de gree of fre edom de crea ses only by 1, but r2 is si gnif ica ntly in crea sed
(com pare Ta ble 3  with Ta ble 2). More than 400 pa irs giving r2 > 0.995 have been fo und.
Among them the most nu mer ous were the GET pa irs (ca. 88%). The se cond gro up of
pa irs was for med by the in form ati on in dic es (ca. 5%), whe reas the BE pa irs were on the
3rd pla ce (2%). In Ta ble 3 the de script or pa irs which yield Qcv

2  > 0.995 and the pa irs of low
cor rel ated de script ors (r2(d1,d2) < 0.1) giving Qcv

2  > 0.99 are shown. As the de script ors
are not or thog onal, the ra tio |adi|/s(adi) can not be used as the si gnif ica nce test for adi [19].
It can be used only to po sit ion the de script ors in se ries. For exam ple for the pair (H6v,
H4p) |adi|/s(adi) for H4p is much hi gher than for H6v. In deed H4p alone cor rel ates with R
very well (r2 = 0.994, Ta ble 2), the ref ore H6v is less si gnif ica nt. Re gard ing the con strai nt 
r2(d1,d2)  <  0.1 only  the  GET  pa irs yield a re ason ably high  Qcv

2  > 0.99. In  the case

Ta ble 3. The best descriptor pairs ful fill ing the con di tion Qcv
2  > 0.995 with no con straint on r2(d1,d2) and the

con di tion Qcv
2  > 0.99 and r2(d1,d2) < 0 for the White’s re ten tion data (Fig. 1) ap prox i mated by Eq. (3).

Group Descr. 1 Descr. 2 r2 Qcv
2 r2(d1,d2) |a0|/s(a0) |ad1|/s(ad1) |ad2|/s(ad2)

Qcv
2  > 0.995

GET

H4v ITH 0.9996 0.998 0.66 2.0 56 11
H5u HTm 0.9995 0.998 0.69 13 57 18
H3v R3p+ 0.9987 0.997 0.26 3.5 36 9
R4u R7p+ 0.9988 0.996 0.59 2.1 21 12

BE BEHe7
BEHm8 0.9993 0.996  0.989 23 20 14
BEHv8 0.9992 0.996  0.992 23 19 13

GET
H4p H6v 0.9980 0.996  0.932 6.1 12 2.3

HATS6p R5u 0.9981 0.995 0.19 1.8 27 15

Qcv
2  > 0.99 and r2(d1,d2) < 0.1

GET
HATS4p R4v 0.996 0.991 0.08 6.6 29 10

R4v R4e+ 0.996 0.990  0.006 12 3.8 26
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of the in for ma tion in di ces the low est value of r2(d1,d2) was 0.13, found for the pair
BIC1-TIC5 which yielded Qcv

2  = 0.980. The cor re la tion of BE descriptors in the pairs
was very high (r2(d1,d2) > 0.96), re gard ing the pairs ful fill ing the con di tion r2 > 0.995.

A brief de scrip tion of the GET descriptors, dom i nant in Ta ble 3, is as fol lows.
They are chem i cal struc ture descriptors de rived from a new rep re sen ta tion of mo lec -
u lar struc ture. They are di vided into two main groups. The first group of the GET
descriptors, to which ITH (to tal in for ma tion con tent on the le ver age equal ity) be -
longs, have been de rived by ap ply ing some tra di tional ma trix op er a tors and con cepts
of in for ma tion the ory both to the mo lec u lar in flu ence ma trix H and the in flu ence/dis -
tance ma trix R. Most of these descriptors are sim ply cal cu lated only by the le ver ages
(the le ver age is a di ag o nal el e ment of the in flu ence ma trix H which de pends on the
size and shape of the mol e cule) used as the atomic weightings. The ITH descriptor
mainly en code in for ma tion on mo lec u lar sym me try. The other group of GET descrip -
tors, to which HTm (H to tal in dex / weighted by atomic masses), H5u (H autocor re -
lation of lag 5 / un weight ed), Hav (H autocorrelation of lag a / weighted by atomic
van der Waals vol umes, a = 3, 4) and Rap+ (R max i mal autocorrelation of lag a /
weighted by atomic polarizabilities, a = 3, 7) be long, is based on the spa tial
autocorrelation for mu las, weight ing the mol e cule at oms by physicochemical prop er -
ties to gether with 3D in for ma tion en coded by the el e ments of the mo lec u lar in flu ence 
ma trix H and in flu ence/dis tance ma trix R. In other words, these descriptors are based
on spa tial autocorrelation and en code in for ma tion on struc tural frag ments and there -
fore can be suit able for de scrib ing the dif fer ences in con ge neric se ries of mol e cules.
Con trary to the Moreau-Broto autocorrelations, GET descriptors en codes in for -
ma tion on the ef fec tive po si tion of substituent and frag ments in the mo lec u lar space.
Ad di tion ally, as in de pend ent of mol e cule align ment they give some in for ma tion on
the mol e cule size and shape as well as spe cific atomic prop er ties.

Descriptors for the re ten tion data of Geens et al. In the text the names of
mem branes MPF-44, MPF-50, Desal-5-DK, SolSep-169, HITK-T1, FSTi-128 will
be ab bre vi ated to M44, M50, De5, S169, HIT1, F128, re spec tively. Ethyl ac e tate will
be ab bre vi ated to EA.

Con trary to the White’s data (fil tra tion of mix ture of sol utes) the re ten tion co ef fi -
cients were de ter mined by Geens et al. [2] in the fil tra tion of sin gle sol ute so lu tions.
Ac cord ing to the au thors the con cen tra tion po lar iza tion does not in ter fere the re sults
be cause of low con cen tra tion of sol utes and the fact that the sol vent fluxes ob served
dur ing the fil tra tion of so lu tions were al most equal to the pure sol vent fluxes.

The struc ture of sol utes, op ti mized by Gaussi an, and the re ten tion data for the
cho sen sys tems from [2] are shown in Figs. 2 and 3, re spec tively. Be cause of the lim i -
ta tions of the Dragon pro gram which does not cal cu late descriptors for salts and ions,
in the case of eryth ro sine B (EB, gen u inely with Na+) we have cal cu lated EB with H
undissociated form, in stead of dis so ci ated with the Na+ counterion. For two sys tems
M50-EtOH and S169-EtOH one of the sol utes is not re jected by a mem brane (R = 0).
As many sol utes of dif fer ent prop er ties may show R = 0, the re sults ob tained for these
sys tems should be treated cau tiously.
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Fig ure 2. Struc tures of sol utes in ves ti gated by Geens et al. [2], op ti mized us ing the Gaussi an®.

bromothymol blue

eryth ro sine B

DL-a-tocopherol hy dro gen succinate



One descriptor. The best descriptors for the Geens’ data are shown in Ta ble 4.
If the descriptors yield ing the best val ues of r2 and of Qcv

2  are dif fer ent then both
descriptors are listed. It is seen that for each mem brane-sol vent sys tem the best
descriptors are dif fer ent. It is not sur pris ing be cause the same descriptors should be
ex pected only for those sys tems, whose re ten tion co ef fi cients, R, strongly cor re late
with each other. It is seen (Ta ble 5) that there are only a few cases for which the cor re -
la tion be tween R is high (r2(R) > 0.9) whereas many of them do not cor re late at all
(r2(R) < 0.1), par tic u larly the sys tem HIT1-ac e tone (13). Con trary to the White’s
data here there is no GET descriptors and for only one sys tem (M50-MeOH)
the BE des criptor (BEHp1) is the best one. How ever, it is dif fer ent than those given
in Table 2.

The cor re la tion be tween descriptors and the Geens re ten tion co ef fi cients is
not par tic u larly good. Only for 3 sys tems – M50-MeOH, S169-EA, HIT1-ac e tone –
r2 > 0.98. Here the best descriptors are BEHp1, L2e (D/Dr06), and ICR, re spec tively.
Sur pris ingly for M50-EtOH and S169-MeOH there is no better descriptor than
nCIC – the num ber of rings. Tak ing into ac count the limit Qcv

2  > 0.95 it is seen that
only one sys tem – M50-MeOH – ful fills that re quire ment (descriptor BEHp1).
The low est val ues of r2 (< 0.9) have been ob tained for the sys tems MPF44-ac e tone
and F128-EA.
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Fig ure 3. The data of Geens et al. [2]:  the re jec tion co ef fi cient of  eusulex (Eu), 2,2-meth y lene-

(6-tert-butyl-4-methyl-phe nol) (MP), DL-a-tocopherol hy dro gen succinate (TS), bromo -

methyl blue (BB),  Vic to ria Blue (VB) and eryth ro sine B (EB) ob served in the sys tems 1 – 14

(the nu mer a tion of sys tems is given in Ta ble 4).



Ta ble 4. The best descriptors for the re ten tion data of Geens et al. (Fig. 3); in the last col umn “r2 > 0.95”
the num ber of descriptors ful fill ing that con di tion is pre sented.

Sys tem Group Descriptor r2 Qcv
2 r2 > 0.95

1) M44 – MeOH WHIM E1u 0.945 0.86 0

2) M44 – ac e tone
MD

WHIM
Mor21m

E2m
0.968
0.949

0.77
0.90

1

3) De5 – MeOH MP Hy 0.76 0.42 0

4) De5 – EtOH WPC PCD 0.925 0.78 0

5) M50 – MeOH BE BEHp1 0.988 0.969 4

6) M50 – EtOH
TD
CD

STN
nCIC

0.961
0.960

0.916
0.917

2

7) M50 – ac e tone MD Mor05m 0.971 0.947 2

8) S169 – MeOH CD nCIC 0.941 0.88 0

9) S169 – EtOH EI VRv2=VRp2 0.970 0.935 6

10) S169 – ac e tone ACF C-026 0.973 0.947 3

11) S169 – EA
WHIM

TD
L2e

D/Dr06
0.984
0.978

0.916
0.945

4

12) HIT1 – MeOH MD Mor23p 0.948 0.83 0

13) HIT1 – ac e tone
TD

RDF
ICR

RDF115p
0.988
0.966

0.924
0.929

6

14) F128 – EA MD Mor16p 0.86 0.70 0

Ta ble 5. The squared cor re la tion co ef fi cient, r2(R), of the Geens et al. re ten tion co ef fi cients (Fig. 3); 1) de -
notes M44-MeOH; grey back ground in di cates the same mem brane.

Sys tem 1) 2) 3) 4) 5) 6) 7) 8) 9) 10) 11) 12) 13)

2) M44-ac e tone 0.61

3) De5-MeOH 0.13 0.28

4) De5-EtOH 0.75 0.69 0.19

5) M50-MeOH 0.62 0.24 0.26 0.40

6) M50-EtOH 0.73 0.34 0.15 0.74 0.81

7) M50-ac e tone 0.58 0.30 0.11 0.49 0.87 0.86

8) S169-MeOH 0.74 0.21 0.16 0.48 0.922 0.86 0.77

9) S169-EtOH 0.947 0.57 0.23 0.84 0.66 0.82 0.58 0.79

10) S169-ac e tone 0.79 0.59 0.26 0.49 0.80 0.63 0.74 0.71 0.71

11) S169-EA 0.07 0.04 0.06 0.12 0.16 0.37 0.24 0.27 0.12 0.00

12) HIT1-MeOH 0.11 0.14 0.11 0.38 0.31 0.52 0.53 0.21 0.19 0.15 0.32

13) HIT1-ac e tone 0.05 0.07 0.72 0.02 0.10 0.01 0.00 0.08 0.10 0.11 0.17 0.04

14) F128-EA 0.30 0.31 0.52 0.65 0.36 0.58 0.34 0.35 0.51 0.23 0.15 0.58 0.14

As the best descriptors for dif fer ent sys tems are not the same (Ta ble 4), it was in -
ter est ing to check whether there is any com mon descriptor show ing ad e quately high
r2 for two sys tems hav ing a com mon mem brane or sol vent. Re gard ing Eq. (1) it is ob -
vi ous that such a descriptor can be found only for those pairs of sys tems for which the
re ten tion co ef fi cients are well cor re lated. Un for tu nately, ac cord ing to the re sults
shown in Ta ble 5 the cor re la tion of re ten tion co ef fi cients of two sys tems, even with
the same sol vent or mem brane, is rather poor. There fore it was not pos si ble to find
for any pair of sys tems a descriptor ful fill ing the con di tion r

min
2  > 0.95, where r

min
2

de notes the small est value of r2 ob served for two sys tems con sti tut ing the pair.
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Two descriptors. Ap ply ing Eq. (3) re lat ing the re ten tion co ef fi cient with two
descriptors the cor re la tion im proves sig nif i cantly (com pare Ta ble 6 with Ta ble 4).
In Ta ble 6 for each sys tem two pairs of descriptors are shown. The first one yields the
high est Qcv

2 , ir re spec tively of the cor re la tion be tween the descriptors (r2(d1,d2)), the
sec ond one – the high est Qcv

2  with the ar bi trarily as sumed con di tion r2(d1,d2) < 0.1.
For the sys tems 6, 7 and 14 both pairs are the same. It is seen that in each case the de -
ter mi na tion, r2, and the cross-val i da tion, Qcv

2 , co ef fi cients are high and ex ceed 0.99.
Both descriptors are im por tant – the val ues of |ad1|/s(ad1) and |ad2|/s(ad2) are of
com pa ra ble or der. Tak ing into ac count the pairs of r2(d1,d2) < 0.1 it can be no ticed
that the dom i nant descriptors are the MD ones (3D-MoRSE – 3D Mol e cule Rep re sen -
ta tion of Struc tures based on Elec tron dif frac tion) – they oc cur 7 times (M44-ac e -
tone, De5-MeOH and EtOH, S169-MeOH, EtOH and ethyl ac e tate, HIT1-MeOH).
The GET AWAY descriptors, so nu mer ous in the case of White’s data, oc cur only once 
(ir re spec tively of r2(d1,d2) – 3 times). The gen eral for mula for the MoRSE descriptor
can be found in [20]. The mean ing of its name “Morsw” is as fol lows – the num ber
s de notes a mea sure of scat ter ing an gle (1 £ s £ 32), the let ter w – the weight of at oms
(w = e, m, p, u, v; e – electronegativity, m – mass, p – polarizability, u – un weight ed,
v – van der Waals vol ume). It can be no ticed that the most fre quent descriptors are
those weighted by mass and by vol ume. These prop er ties of sol ute mol e cule are cru -
cial re gard ing the re jec tion prop er ties of a mem brane, how ever alone they are not
able to pre dict them cor rectly. In 3 cases (De5-MeOH, De5-EtOH and S169-EtOH)
the pairs are con sti tuted from the descriptors of the same weight ing (mass or vol ume).

Ta ble 6. The best pairs of descriptors for R ap prox i mated by Eq. (3) (the re ten tion data of Geens et al.);

in the last  col umn  “r2, Qcv
2  > 0.99”  the num bers of pairs ful fill ing these con di tions are given.

Sys tem Group d1 d2 r2 Qcv
2

r2(d1,d2)
| |

( )

a

s a
0

0

| |

( )

a

s a
d

d

1

1

| |

( )

a

s a
d

d

2

2

r2, Qcv
2

> 0.99

1) M44-MeOH
WPC MWC08 MPC09 0.9999 0.9994 0.79 126 119 184

46, 5
GD HOMA QXXp 0.9997 0.9987 0.03 142 97 47

2) M44-ac e tone
GET HATS4v HATS5v 0.9991 0.990 0.84 17 45 26

172, 5
MD Mor21m Mor23e 0.998 0.993 0.06 14 35 6.6

3) De5-MeOH
BE BELm4 BELm7 0.9976 0.992 0.908 13 29 34

6, 1
MD Mor16v Mor20v 0.993 0.968 0.58 106 20 14

4) De5-EtOH
GET H2u R7u+ 0.9986 0.994 0.946 49 47 46

20, 1
MD Mor01m Mor20m 0.991 0.974 0.04 2.6 14 14

5) M50-MeOH
TD w DECC 0.9999 0.9994 0.36 103 156 145

129, 18
BE BEHp1 BELm1 0.9996 0.997 0.08 60 9.3 84

6) M50-EtOH GD AROM QXXe 0.9996 0.997 0.03 83.6 83 24 32, 5

7) M50-ac e tone WHIM L2p Dm 0.9998 0.9986 0.01 45 79 85 153, 15

8) S169-MeOH
II Xindex Yindex 0.9996 0.9986 0.83 78 77 58

40, 7
MD Mor13m Mor25v 0.9991 0.9959 0.008 28 49 30

9) S169-EtOH MD
Mor14m Mor32e 0.9992 0.9963 0.13 59 46 54

49, 5
Mor25m Mor26m 0.9945 0.9837 0.0003 8.1 8.4 22

10) S169-ac e tone GET
HATS8e R1p 0.9995 0.998 0.34 46 23 47

176, 9
ITH R7v+ 0.9993 0.9975 0.003 22 27 60
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11) S169-EA MD
Mor05v Mor31p 0.9997 0.9995 0.21 24 103 73

107, 9
Mor16u Mor32p 0.998 0.992 0.08 17 30 34

12) HIT1-MeOH
RDF RDF085u RDF080v 0.997 0.992 0.69 21 10 32 31, 2

MD Mor14m Mor23v 0.996 0.986 0.07 2.4 17 24

13) HIT1-ac e tone
EAI ESpm04x ESpm01r 0.9995 0.998 0.76 551 26 42

159, 14
2DA GATS6v GATS7v 0.9988 0.996 0.004 19 29 38

14) F128-EA WHIM P2s E3s 0.9988 0.994 0.10 39 43 38 11, 1

In Ta ble 7 the best descriptors pairs for the case mem brane-solvent1-solvent2
are shown. The re sults are not so sat is fac tory as for the sin gle sys tems (Ta ble 6).
Al though there are many descriptor pairs which yield r

min
2  > 0.95, only for

S169-MeOH-ac e tone a descriptor pair which gives Qcv
2  > 0.95 has been found. For

each mem brane, ex cept De5 (r
min
2  < 0.9, De5 is not listed), r

min
2  is higher than 0.96, the 

high est val ues of r
min
2  (> 0.98) are ob served for the mem branes M50, S169 and the

sol vent pairs EtOH-ac e tone, MeOH-ac e tone. The rea son are high cor re la tion be -
tween re ten tion co ef fi cients ob served for these sys tems (Ta ble 5). It is also a rea son
why for M50 the num ber of descriptors pair of r

min
2  > 0.95 is much higher than for

other sys tems. Con trary to the sin gle descriptor case (Eq. (1)) to ob tain a high cor re la -
tion the con di tion of high r2(R) is not nec es sary. The ex am ples are HIT1-MeOH-ac e -
tone and S169-ac e tone-EA for which r2(R) is close to zero, whereas r

min
2  > 0.96.

Ta ble 7. The best pairs of descriptors for R ap prox i mated by Eq. (3) – one mem brane and 2 sol vents

(the re ten tion data of Geens et al.); rmin
2  and Qcv, min

2  are un der lined.

Sol vent 1 Sol vent 2 r2(R) Group d1 d2
r2 Qcv

2

r2(d1,d2)
rmin

2

> 0.95s.1 s.2 s.1 s.2

M44

MeOH ac e tone 0.61 MD Mor28m Mor25p 0.993 0.977 0.945 0.925 0.06 19

HIT1

MeOH ac e tone 0.04 MD Mor04v Mor23p 0.965 0.980 0.57 0.76 0.24 1

M50

MeOH EtOH 0.81
RDF RDF070m RDF045v 0.984 0.971 0.927 0.853 0.87

24
MD MPC07 PCD 0.965 0.984 0.920 0.944 0.37

MeOH ac e tone 0.87
WPC MPC09 TPC 0.986 0.985 0.921 0.985 0.51

291
TD w CSI 0.986 0.981 0.948 0.934 0.70

EtOH ac e tone 0.86 MD Mor05m
Mor20p 0.994 0.990 0.971 0.941 0.0002

138
Mor07v 0.978 0.991 0.946 0.946 0.19

S169

MeOH EtOH 0.79
EI LP1 VRv2 0.974 0.986 0.867 0.939 0.28

37
WHIM E1e P1p 0.973 0.973 0.874 0.88 0.19

MeOH ac e tone 0.71 WHIM E2e Dm 0.987 0.998 0.964 0.986 0.01 45

MeOH EA 0.27 TD PW3 D/Dr06 0.960 0.984 0.86 0.942 0.002 4

EtOH ac e tone 0.71 MD Mor01m Mor12v 0.984 0.989 0.947 0.963 0.049 51

EtOH EA 0.12 CD Mv nR06 0.999 0.983 0.993 0.86 0.32 4

ac e tone EA 0.00 GET HATS8v R3m+ 0.979 0.989 0.90 0.928 0.997 22
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The descriptors are dif fer ent than those for sin gle sys tems. Even the groups of
descriptors in many cases are also dif fer ent. The dom i nant group is MD – it oc curs 5
times on the first place, whereas the high est value of Q

cv,min
2  = 0.964 has been found

for the WHIM group and the com bi na tion S169-MeOH-ac e tone.
The re sults for the sol vent-membrane1-membrane2 system are shown in Table 8.

Sim i larly as for mem brane-solvent1-solvent2 (Ta ble 7) there are many descriptor
pairs giv ing r

min
2  > 0.95, how ever only for two cases – ac e tone-M44-HIT1 and ac e -

tone-M50-S169 – Qcv
2  > 0.95 have been found. Again, it may be no ticed that to ob tain

a high value of Qcv
2  the con di tion of high r2(R) is not nec es sary – for the sys tems

M44-ac e tone and HIT1-ac e tone r2(R) = 0.07, whereas for M50-ac e tone and S169-ac -
e tone r2(R) is much higher (= 0.74). In Ta ble 8 more anal o gous ex am ples can be
found. Thus, re gard ing Eq. (3) with two descriptors there is no cor re la tion be tween
r2(R) and Qcv

2 .

Table 8. The best pairs of descriptors for R ap prox i mated by Eq. (3) – one sol vent and 2 mem branes (the re -

ten tion data of Geens et al.); rmin
2  and Qcv, min

2  are un der lined.

m.1 m.2 r2(R) Group d1 d2
r2 Qcv

2

r2(d1,d2) rmin
2  >
0.95m.1 m.2 m.1 m.2

MeOH

M44

M50 0.62 RDF RDF035v RDF060p 0.982 0.990 0.933 0.953 0.77 34

S169 0.74 GET
R2v+ R1p+ 0.970 0.984 0.82 0.945 0.991

23
R2e+ RTv+ 0.983 0.967 0.90 0.90 0.54

De5 M50 0.26 CI X1A X5sol 0.955 0.977 0.85 0.87 0.62 3

M50
S169 0.922 CI

X4Av X4sol 0.985 0.985 0.917 0.954 0.18
214

X4A X0A 0.997 0.984 0.987 0.935 0.0003

HIT1 0.31 MD Mor08m Mor23p 0.961 0.966 0.88 0.86 0.32 1

EtOH

De5

M50 0.74 RDF RDF030v RDF040v 0.989 0.966 0.947 0.87 0.65 7

S169 0.84
MD Mor10p Mor13p 0.979 0.978 0.86 0.89 0.0005

19
RDF RDF070u RDF095v 0.960 0.956 0.918 0.89 0.89

M50 S169 0.82 GET HATS5u R2e 0.994 0.996 0.950 0.975 0.66 310

Ac e tone

M44

M50 0.30
MD Mor05m Mor21m 0.970 0.973 0.54 0.67 0.34

29
RDF RDF075e RDF050p 0.994 0.955 0.935 0.85 0.38

S169 0.59 RDF RDF065m RDF085m 0.993 0.983 0.89 0.85 0.53 209

HIT1 0.07 MD Mor21m Mor27m 0.992 0.981 0.962 0.953 0.86 13

M50

S169 0.74 GET R3p+
H1u 0.990 0.993 0.956 0.968 0.06

460
HATS5u 0.995 0.990 0.975 0.965 0.14

HIT1 0.00 TD ICR
ZM2V 0.979 0.988 0.910 0.979 0.05

13
w 0.978 0.988 0.923 0.914 0.40

S169 HIT1 0.11 MD Mor13m Mor04v 0.961 0.968 0.83 0.90 0.08 3
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CON CLU SIONS

In this pa per the at tempt to ap ply the mo lec u lar descriptors for the char ac ter iza -
tion of re ten tion data in nanofiltration of nonaqueous me dia has been per formed. Two 
sets of sol utes were an a lyzed. The first “soft” set con sisted of sat u rated and ar o matic
hy dro car bons (White’s data), the sec ond one – “hard” set – con tained the sub sti tuted
ar o matic hy dro car bons with heteroatoms (Geens’ data). The “hard” set was tested in
14 mem brane-sol vent sys tems.

It has been found that for the “soft” set of com pounds it was pos si ble to find eight
descriptors, d, which de scribe sat is fac to rily the re ten tion of com pounds, R, us ing
a lin ear de pend ence R = a0 + add (r2 > 0.99, Qcv

2  > 0.95). Re gard ing the “hard” set of
com pounds only for one mem brane-sol vent sys tem (MPF50-MeOH) the cross-val i -
da tion co ef fi cient ex ceeded 0.95. As the re ten tion co ef fi cients of the set of sol utes in
dif fer ent mem brane-sol vent sys tems in most cases show poor cor re la tion, the best
descriptors for these sys tems are dif fer ent. Also for the same mem brane and dif -
fer ent sol vents or vice versa, the cor re la tion of re ten tion co ef fi cients is usu ally poor.
There fore it can not be ex pected that the same descriptor and sim ple lin ear re la tion
re ten tion-descriptor can be suc cess ful in pre dic tion of re ten tion co ef fi cients.

Ap ply ing the lin ear model with 2 descriptors – R = a0 + ad1d1+ ad2d2 – the pre dic -
tion of re ten tion is sig nif i cantly im proved. For the “soft” set of sol utes the best pairs
of descriptors yield r2 > 0.999 and Qcv

2  > 0.995. In the case of “hard” set of sol utes for
each mem brane-sol vent sys tem a pair of descriptors yield ing Qcv

2  > 0.99 has been
found. How ever, such a model is still not sat is fac tory when ap plied with the same
descriptors to the cou ples of sys tems even with com mon mem brane or sol vent, al -
though for that model the con di tion of high cor re la tion be tween re ten tion co ef fi -
cients of these sys tems is not needed (no cor re la tion be tween r2(R) and the best
val ues of  Qcv

2  has been found). Among the in ves ti gated 32 cou ples of sys tems (com -
mon mem brane or sol vent) only 3 descriptor pairs have given Qcv

2  > 0.95.
The best ap prox i ma tion of re ten tion of the “soft” set of sol utes have been ob -

tained us ing two groups of descriptors – GET AWAY descriptors and Bur den eigen -
values. In the case of the “hard” set of sol utes the dom i nant group of descriptors
seems to be the 3D-MoRSE group. No con sti tu tional descriptors, like mo lec u lar
weight or any other from that group, ful fill ing the con di tion Qcv

2  > 0.95 have been
found.

Tak ing the model R = a0 + add or R = a0 + ad1d1+ ad2d2 and seek ing the com mon
descriptors for a cou ple of sys tems, it au to mat i cally in volves the as sump tion that the
change of sol vent or mem brane will af fect only the co ef fi cients of these equa tions.
How ever, the sit u a tion is more com pli cated and more so phis ti cated mod els should
be taken into con sid er ation.

Be cause of di ver sity of mo lec u lar descriptors it is dif fi cult to dis cuss the re la tion -
ship be tween them and the re ten tion co ef fi cients and the physicochemical prop er ties
of the fil tra tion sys tems. Descriptors show a cer tain, math e mat i cally ex pressed, fea ture
of mol e cule but not nec es sar ily they re flect its spe cific physicochemical prop erty.
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The in ter pre ta tion why this or that descriptor ad e quately de scribes a given fea ture, in
our case re ten tion, is a slip pery game. To draw re li able con clu sions re gard ing the
char ac ter of descriptors more var i ous sets of sol utes should be taken into ac count.

Ab bre vi a tions: De5 – De5-5-DK, EA – ethyl ac e tate, F128 – FSTi-128, HIT1 – HITK-T1, M44 –
MPF-44, M50 – MPF-50, MWCO – mo lec u lar weight cut off, S169 – SolSep-169.
Sym bols: d – descriptor, Qcv

2  – cross-val i da tion co ef fi cient, Qcv, min
2  – the small est value of Qcv

2  ob served
for two sys tems mem brane-sol vent taken for com par i son, r2 – de ter mi na tion co ef fi cient be tween re ten -
tion co ef fi cient and decriptor(s), rmin

2  – the small est value of r2 ob served for two sys tems mem brane-sol -
vent taken for com par i son, r2(d1,d2) – de ter mi na tion co ef fi cient be tween two decriptors, r2(R) –
de ter mi na tion co ef fi cient be tween re ten tion co ef fi cients of the same set of sol utes for two mem brane-sol -
vent sys tems, R – re ten tion co ef fi cient.
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