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Specific combination of guest sorption properties was observed for phosphorus-containing dendrimers,
which distinguish them from ordinary polymers and clathrate-forming hosts. The sorption capacity for
30 volatile guests, binding reversibility, guest desorption kinetics and guest exchange, glass transition
behavior and ability to be plasticized with guest were studied for phosphorus dendrimers of different
generations (G1–G4 and G9) using quartz crystal microbalance sensor, FTIR microspectroscopy, atomic
force microscopy, simultaneous thermogravimetry and differential scanning calorimetry combined with
mass-spectrometry of evolved vapors. The dendrimers were found to have a different selectivity for dif-
ferent homological series of guests, high glass transition points without plasticization with guest even at
high temperatures and saturation levels, moderate guest-binding irreversibility and ability both for effec-
tive guest exchange and independent guest sorption. These properties constitute an advantage of the
studied dendrimers as receptor materials in various applications.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Solid dendrimers are good receptors for use in sensors [1] and
nanoparticle catalysts [2]. Having tightly packed end groups, den-
drimers of higher generations are selective to the size and shape of
guest molecules with a preference for the smaller and less
branched guests [3,4]. The selectivity of dendrimers may be high
because of their ability to sorb different substrates in different
binding sites. Being derived from structural considerations [5],
the presence of different binding sites in dendrimers was directly
proved by 1H NMR [6] and fluorescent [7] titration in solution.
For dendrimers in solid state, this feature was concluded from
dependence of guest uptake on their generation number [8] and
from different adsorption kinetics for different substrates [9]. Only
general selectivity of solid dendrimers for guest vapors without
differentiation on different binding sites has been studied for pol-
yamidoamine (PAMAM) [10–14], poly(propyleneimine) (PPI)
[8,9,14,15] and polyphenylene (PPh) [14,16,17] dendrimers.

The study of such selectivity differentiation was performed in
the present work for organophosphorus Gn dendrimers, of the first
(G1), second (G2), third (G3), fourth (G4) and ninth (G9) generations
with core >P(S)A, spacer unit p-(AOAC6H4ACH@NAN(CH3)A),
ll rights reserved.

orbatchuk).
branch unit >P(S)A and terminal group p-(AOAC6H4ACHO) using
quartz crystal microbalance (QCM) technique.

These dendrimers have an average flexibility of branches com-
pared with the other studied elsewhere: lower than PAMAM, PPI
and polyaryl ether (PAE) dendrimers and higher than PPh dendri-
mers [18]. More flexible dendrimers exhibit a backfolding of their
branches, which is believed to give more tightly packed molecular
interior and have an impact on the guest encapsulation [19]. For Gn

dendrimers, having longer semi-rigid C6H4ACH@NAN(CH3)AP(S)
fragments, backfolding may be of less importance [18], giving
space for interpenetration of neighboring molecules in solid phase
to reach the tight packing. Both effects may produce a specific
binding selectivity of Gn dendrimers through the absence or pres-
ence of guest size exclusion depending on guest ability to come
closer to the dendrimer core.

So, in present study, the size exclusion effect by solid Gn dendri-
mers was studied for sorption of guests from different homological
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mailto:Valery.Gorbatchuk@ksu.ru
http://dx.doi.org/10.1016/j.jcis.2011.04.017
http://www.sciencedirect.com/science/journal/00219797
http://www.elsevier.com/locate/jcis


A.V. Gerasimov et al. / Journal of Colloid and Interface Science 360 (2011) 204–210 205
series. The observed selectivity variation characterizes a molecular
recognition ability of the studied receptor when using a suitable
standard state [20–22].

The key problem in description of sorption by macromolecular
receptor is an ability of sorbate to plasticize the sorbent. If plasti-
cized, a glassy polymer can lose its enhanced selectivity [23,24].
For many dendrimers studied elsewhere, this problem does not oc-
cur, as their sorption parameters are determined above their glass
transition points [14,16,17]. To characterize this property of the
glassy dendrimers G1–G4, their glass transition temperatures were
determined in the present work. These values were used also to ex-
plain an observed specific relationship between an average guest
sorption capacity and dendrimer generation number. Glass transi-
tion temperatures of polymeric materials usually correlate with
their packing efficiency and molecular surface area accessible for
solvent molecules [25], and respectively, should correlate with
their sorption capacity below the glass transition points. Because
of specific dendrimer shape and the above-mentioned possible
competition of backfolding and interpenetration, dendrimers may
have more complicated relationships of their properties with
structural parameters (e.g. generation number). In addition, the
ability of G3 to be plasticized with a sorbed guest was checked in
this work.

A related problem for dendrimers is the guest sorption irrevers-
ibility. This was observed for receptors of other types with a similar
selectivity variation, such as cross-linked poly(acrylamide)
derivative [23] and for crystalline clathrate-forming hosts, like
calixarenes [26]. In these cases, a strong binding irreversibility
was observed [23,26]. This problem was stated [27] or implied
[14,16,17] in the vapor sensor studies with the other dendrimers,
where rigid conditions of sensor experiments with the tempera-
ture of 39–50 �C were used. The irreversible encapsulation of
carbon tetrachloride by PAE dendrimer was also shown [28].
Hence, this irreversibility was characterized in the present study
for one of the phosphorus dendrimers.

To overcome the vapor sorption irreversibility, the possibility of
guest exchange in solid dendrimer phase was studied in the pres-
ent work. This property helps to compare the studied dendrimers
with the other types of receptors, which exhibit a similar guest
exchange ability [26,29].

In general, the present study describes a specific position of the
organophosphorus dendrimers compared with other types of solid
receptor materials by selectivity/reversibility ratio for sorption of
volatile guests, by their glass transition behavior and by their abil-
ity for guest exchange.
2. Materials and methods

2.1. Materials

Dendrimers were synthesized as described elsewhere: G1–G4

[30] and G9 [31]. The purity of the studied guests dried by standard
techniques [32] was tested by GC to be better than 99.5%.
2.2. QCM study of guest sorption

In the present study, the sensor device with 10 MHz QCM crys-
tals of thickness shear mode (TSM) was used [26]. The dendrimer
coatings (1.2 lg) prepared by solution drop and drying gives an
average decrease of DFd � 1500 Hz in the crystal frequency after
solvent removal. The corresponding thickness of the dendrimer
layer on the gold surface was approximately 90 nm.

In a typical QCM sensor experiment, a liquid guest was sampled
with microsyringe to the cell bottom through the dosing hole in
the cell cover. The sampled guest amount was 50% larger than
necessary to create its saturation vapor in the sealed cell. The guest
relative vapor pressure P/P0 in the sensor cell was kept below
saturation level by the vapor leak through dosing hole. This level,
in dynamic equilibrium, was equal to P/P0 = 0.80 ± 0.05. The
frequency change of quartz crystal DF in this experiment was
determined with the reproducibility of 5% for DF > 100 Hz. Each
dendrimer coating endured at least 2 weeks of everyday sensor
experiments without a loss of reproducibility.

To regenerate the dendrimer layers after guest sorption exper-
iment, the coatings were dried by air purge at 45 ± 1 �C until reach-
ing the constant frequency determined at 25 �C. In each case, the
guest binding reversibility was examined using also guest ex-
change with methanol vapor, which has the fastest desorption rate
among the guests studied.

The water content in dendrimer coatings dried by hot air purge
was checked by the frequency increase for coated crystals equili-
brated over P4O10 powder. This increase did not exceed 3 Hz, which
is slightly higher than the baseline drift of ±1.5 Hz observed for
quartz crystals in empty cell for 2000 s.

The more detailed description of sensor device and experimen-
tal technique are given in Supplementary material (SM).
2.3. Atomic force microscopy of dendrimer layers

The roughness of dendrimer layers was determined for G1–G4

and G9 dendrimers using atomic force microscopy as described in
SM.
2.4. FTIR microscopy

The reversibility of guest binding and guest exchange in thin
layer of dendrimer G3 on the gold surface of quartz crystal were
studied using IR microscope Hyperion 2000 combined with FTIR
spectrometer Tensor 27 (Bruker). This dendrimer coating with
the average thickness of 300 nm was prepared as written above.
Kinetics of propionitrile desorption from this layer and guest
exchange for methanol were traced inside the QCM coating on
the air by the guest absorbance decrease at mCN = 2245 cm�1. A
visual microscope picture for the layer spot, which IR spectrum
was determined, and additional details of FTIR experiment are
given in SM.
2.5. TG/DSC/MS experiment

Simultaneous thermogravimetry and differential scanning calo-
rimetry (TG/DSC) analysis of solid dendrimer samples and mass
spectrometric (MS) evolved gas analysis were performed using
thermoanalyzer STA 449 C Jupiter (Netzsch) coupled with quadru-
polar mass-spectrometer QMS 403 C Aeolos as described
elsewhere [26]. In each experiment, the temperature rate was
10 K/min, and an argon atmosphere with a total flow rate of
75 ml/min was used. Before the experiment, 7–9 mg samples of
dendrimer powders in the aluminum crucibles (40 ll) with lids
having three holes, each of 0.5 mm in diameter, were held for 1 h
under vacuum of 300 Pa at room temperature on the sample holder
inside thermoanalyzer. Detection limit of mass-spectrometer for
water is 0.2% w/w for the samples of 9 mg.

The samples of G3 saturated with methanol and propionitrile
were prepared in the same crucibles by equilibration with vapors
of these guests (P/P0 = 1) for 72 h at 25 �C in hermetically sealed
15 ml vials. The TG/DSC/MS experiment for these samples began
after 20 min of their equilibration at 25 �C in argon flow of
75 ml/min.



206 A.V. Gerasimov et al. / Journal of Colloid and Interface Science 360 (2011) 204–210
2.6. Limiting activity coefficients

Limiting activity coefficients c1t of guests in toluene solution
were determined at 25 �C using static method of gas chromato-
graphic headspace analysis with an error of ±10% as described else-
where [21].

3. Results and discussion

3.1. Guest binding selectivity by dendrimers in sensor coatings

The sorption capacity and selectivity of G1–G4 dendrimers were
characterized by QCM method for vapors of 29 organic guests and
water with relative vapor pressure of P/P0 = 0.80 at 25 �C. The
determined QCM sensor responses DF are given in Table 1. Besides,
for several vapors, DF values were determined with G9 coating.
Typical sensor responses for guest vapors are given on Fig. 1.

The analysis of the data in Table 1 indicates a similar non-
monotonous influence of dendrimer generation on DF values for
the guests from the same homological series (alkanes, aliphatic
alcohols and nitriles, alkylbenzenes). In most cases, this effect is
stronger for initial members of these series with polar functional
groups and weaker for guests with larger alkyls. A non-monoto-
nous generation effect on sensor responses was observed also for
PAMAM dendrimers [10].

No simple relationships are obvious between the observed
sensor responses DF and structural parameters of guests. To
Table 1
Sensor responses of dendrimers for organic guest vapors with relative vapor pressure
P/P0 = 0.80 at 25 �C.a Sensor responses DF are normalized to the coating mass with
corresponding frequency decrease of DFd = 1500 Hz.

No. Sorbate MRD

(cm3 mol�1)
c1t DF (Hz)

G1 G2 G3 G4

1 H2O 3.7 344b 23 26 30 35
2 MeOH 8.2 21.8c 280 48 261 225
3 EtOH 13.0 17.4c 205 46 168 142
4 n-PrOH 17.5 15.9c 75 27 72 53
5 i-PrOH 17.6 12.9f 67 29 74 40
6 n-BuOH 22.1 11.6 62 30 42 34
7 MeCN 11.1 4.33c 262 177 530 810
8 EtCN 16.0 2.92c 292 256 424 898
9 n-PrCN 20.4 1.87d 418 402 490 961
10 n-BuCN 25.2 1.73 364 355 543 1104
11 n-Pentane 25.3 1.25 39 14 72 20
12 c-Hexane 27.7 1.36c 41 17 68 14
13 n-Hexane 29.9 1.50c 35 15 53 16
14 n-Heptane 34.5 1.68c 30 13 50 13
15 n-Octane 39.2 1.69c 31 14 60 13
16 Isooctane 39.2 1.74 32 14 61 13
17 n-Nonane 43.8 1.90c 29 14 48 12
18 CH2Cl2 16.4 0.98e 624 843 819 1711
19 CHCl3 21.3 0.80d 873 1098 1229 714
20 CCl4 26.4 1.15d 488 35 156 53
21 1,2-C2H4Cl2 20.9 1.21 782 824 849 1526
22 C2HCl3 25.3 0.99 539 533 530 1106
23 C2Cl4 30.3 1.61 341 172 483 236
24 1-C3H7Cl 20.8 0.99 338 241 299 464
25 Benzene 26.3 0.97c 588 462 375 1364
26 Toluene 31.0 1.00 489 397 285 1288
27 Ethylbenzene 35.7 1.01 468 436 241 1069
28 Acetone 16.2 1.82d 486 449 491 507
29 1,4-Dioxane 21.7 1.15d 642 966 693 1784
30 Pyridine 24.2 1.28d 659 784 805 1549

a G9 layers have DF values of 28, 191, 118, 62, 46, 43, 16, and 15 Hz for H2O,
MeOH, EtOH, benzene, toluene, ethylbenzene, CCl4 and C2Cl4, respectively.

b Data from Ref. [33].
c Data from Ref. [34].
d Data from Ref. [21].
e Data from Ref. [22].
f Data from Ref. [35].
rationalize such relationships, a proper choice of a standard ther-
modynamic state for the observed guest sorption parameters is
necessary [20]. The guest standard state for determination of sen-
sor responses DF at the fixed guest activity, or relative vapor pres-
sure P/P0, Table 1, is its pure liquid state. Such an approach was
used also in sensor studies for PAMAM [10,11] and PPI [15] dendri-
mers. This standard state is better for characterization of receptor
selectivity than the guest vapor with fixed concentration or partial
vapor pressure, P. In the latter case, the properties of guest vapor
are more relevant for observed selectivity than those of receptor
[20].

A less ambiguous analysis of molecular recognition can be made
using standard state of infinitely dilute guest solution in a model
solvent, which has approximately the same molecular group com-
position as the neighboring dendrimer groups for bound guest
[22]. This standard state excludes the effect of generally different
molecular interactions in pure liquids of different guests. A suitable
model solvent for the studied dendrimers may be toluene. Hence,
the coefficients K may be calculated for a guest partition between
the infinitely dilute solution in toluene and solid dendrimer
phase1:

K ¼ DFc1t MWd

DFdMW
ð1Þ

where DFd is a quartz crystal frequency change caused by dendri-
mer coating, MWd and MW are formula weights of dendrimer and
guest, respectively, c1t is limiting activity coefficient of guest in tol-
uene, Table 1. Eq. (1) is an extension of one offered [20] for vapor/
receptor partition coefficient. The details of corresponding formal-
ism for this equation and calculated partition coefficients K are gi-
ven in SM.

A rather regular picture of dendrimer selectivity for guest va-
pors may be seen in the correlation between ln K values and guest
molar refraction, MRD ¼ ðMW=qÞðn2

D � 1Þ=ðn2
D þ 2Þ, given in Fig. 2

and SM. Here, q and nD are the guest density and refraction index,
respectively. Molar refraction is a good molecular size parameter
[22,36,37]. There is a general decrease of partition coefficient ln K
with the increase of guest size, which indicates a size exclusion ef-
fect for guest molecules. Still, the size exclusion effect is not the
same for different homological series of guests. Each of the studied
series has almost a linear relationship ln K vs. MRD but with a dif-
ferent slope. The selectivity of G1–G4, Fig. 2, SM, decreases in the
order: aliphatic alcohols > nitriles > arenes > alkanes, being high
for aliphatic alcohols, while practically absent for n-alkanes.

A strong and various size exclusion effect observed for G1–G4

may be the cause of their higher selectivity for organic vapors than
that observed elsewhere for many other dendrimers, where sensor
responses DF are determined at the fixed or approximately the
fixed relative vapor pressure P/P0 of guests. The ratio of such DF
values for the different guests (excluding water) does not exceed
5 for PPh [16], PAMAM [10,11,13] and PPI [9,15] dendrimers, if
salts are not formed by the host–guest interaction. Dendrimers
G1–G4 are more selective in 1.6–16 times for the same sets of or-
ganic guests, which include at least one bad guest with three meth-
ylene groups in a molecule.

The observed dependence of the size exclusion effect on the
guest functional group for the studied dendrimers may be caused
by the sorption of guests from different homological series in dif-
ferent sets of binding sites. According, to the relationships shown
on Fig. 3, the utmost difference of these sets may be expected for
1 Partition coefficient K is meaningful, if guest does not saturate host, and,
spectively, does not give a stable guest–host inclusion compound, or clathrate, with
specific stoichiometry, which may have very complicated relationship to guest
ructure [21]. No saturation was observed for G3 on the sorption isotherm of typical

uest propionitrile, SM.
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Fig. 1. (a–b) Responses of QCM sensor coated with dendrimers G1, G2, G3, G4 and G9 to methanol (a) and benzene (b) vapors with the relative vapor pressure of P/P0 = 0.80 at
25 �C. Sensor responses DF are normalized to the coating mass corresponding to 1500 Hz of frequency decrease.

Fig. 2. Correlation of guest partition coefficients ln K and molar refraction MRD for
dendrimer G3. Point numbers correspond to entry numbers in Table 1.
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water and alkanes, which occupy the ultimate positions on the
plots of ln K vs. MRD for each dendrimer.

This ability was checked for G3 by subsequent sampling of li-
quid water and n-heptane in a large excess to the QCM sensor cell
without intermediate regeneration of sensor coating, Fig. 3. In this
experiment, sampling of water gives DF = 30 Hz. The resulting hy-
drated G3 gives a response to n-heptane vapor of DF = 50 Hz,
Fig. 3a, which is the same as for the coating regenerated by hot
air purge at 45 �C, Fig. 3b. Such air purge removes more than 90%
of bound water according to the experiment with drying of dendri-
mer coatings by P4O10. So, the sorption of water and n-heptane by
G3 is independent, which is possible if they are bound in different
sites.

Solvent vapors can be also sorbed independently, if they plasti-
cize polymer [23]. But in this case, an initially glassy polymer loses
its size exclusion effect [23]. For the studied dendrimers, water and
alkanes are bad guests according to DF data from Table 1. Better
guests, like alcohols, nitriles and aromatic hydrocarbons, Table 1,
still have a size exclusion effect as can be seen in Fig. 2. So, the
independent sorption of water and n-heptane is not caused by den-
drimer plasticization.

The independent sorption of these guests and the high size
exclusion effect means the sorption in the bulk of dendrimer phase.
This conclusion is confirmed also by the low roughness of surface
observed for the studied dendrimers, which is equal to 1.2 (G1),
0.8 (G2), 0.9 (G3), 1.1 (G4), and 0.3 nm (G9). So, these dendrimers
do not have intricate surface for significant adsorption on the so-
lid–air interface.

The observed correlations of ln K vs. MRD reveal the limits of G1–
G4 selectivity. Being various for different homological series of
guests, this structure–property relationship is still much more reg-
ular than for clathrate-forming receptors, like calixarenes, where
such relationships may be practically unpredictable in the case of
binding both inside host molecular cavities and internal space
[38]. In this respect, the studied dendrimers constitute a specific
type of receptors with rather regular size exclusion effect as for
cross-linked polymers [23] and dried protein [24], but without
apparent plasticization consequences for selectivity as for
calixarenes.

3.2. Glass transition behavior

To characterize the polymer-like properties of dendrimers
G1–G4, their glass transition behavior was studied. Glass transition
temperatures Tg were determined for G1–G4 samples by
simultaneous TG/DSC method. The DSC curves and a typical TG
curve for these samples in the first run of thermal analysis are
shown in Fig. 4. Corresponding Tg values, points of DSC peak Tm

and enthalpies of glass transition DH are given in Table 2. The den-
drimer samples aged in the first TG/DSC run from 30 to 200 �C have
the glass transition points increased on 8–13 �C in the second run,
SM. Respectively, the enthalpies DH of the aged samples are
reduced to less than half of their values in the first run. A signifi-
cant thermal decomposition of the studied dendrimers begins
above 270 �C [39], SM. The DSC parameters obtained for aged G1

and G3 samples correspond to those observed elsewhere for the
same dendrimers [40].

The observed glass transition points Tg of G1–G4 are in the range
of 74–115 �C, which is well above the temperature of QCM sensor
experiment, 25 �C. This may be a cause of their higher selectivity
compared with the PAMAM and PPI dendrimers, which Tg points
are below room temperature [41,42]. Respectively, the glassy state
should impose a stronger size restriction on the guest sorption
than a rubbery (mobile) one. A loss of vapor sorption selectivity
above the glass transition point was observed, for example, for
cross-linked derivative of polyacrylamide [23].

The glass transition temperatures determined for the studied
dendrimers help to explain the observed dependence of their aver-
age sorption capacity and selectivity on generation number. The



Fig. 3. (a–b) Responses of QCM sensor coated with G3 to (a) water and n-heptane vapors (b) to n-heptane vapor with the relative vapor pressure of P/P0 = 0.8 at 25 �C. Sensor
responses DF are normalized to the coating mass corresponding to 1500 Hz of frequency decrease.

Fig. 4. The curves of simultaneous TG/DSC for G1, G2, G3 and G4 dendrimers.
Complete TG/DSC data are given in SM.

Table 2
Parameters of DSC curves of dendrimer powders in TG/DSC experiment.

Dendrimer Tg
a (�C) Tm

b (�C) DHc (J g�1)

G1 74.2 81.6 13
G2 104.4 113.1 3.3
G3 105.7 113.9 2.8
G4 114.6 123.3 4.3

a Onset temperature of endothermic transition.
b Temperature of DSC peak.
c Error of DH determination is 1 J g�1.

Fig. 5. The data of simultaneous TG/DSC/MS study for G3 saturated with propio-
nitrile vapor (P/P0 = 1, T = 25 �C) for 72 h, and equilibrated in argon flow for 20 min
at 25 �C. Heating rate is 10 K/min.
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values of Tg and DSC peak point Tm increase in the order
G1 < G2 � G3 < G4. The points Tg and Tm of G2 are higher on 15–
16 �C than calculated from the linear dependence of these temper-
atures on N for G1, G3 and G4. So, G2 may be more tightly packed in
solid phase than the other dendrimers, and, respectively, may have
lower sorption capacity at least for bad guests. Such drop in sensor
responses DF of G2 is observed for alcohols, alkanes, tetrachloro-
ethylene, CCl4, and 1-C3H7Cl, Table 1.
A related correlation with glass transition temperatures is ob-
served for vapor sorption selectivity of dendrimers estimated by
the standard deviation from the mean of DF values for the studied
set of guests, which is equal to 259, 328, 309 and 614 Hz for G1, G2,
G3 and G4, respectively. So, dendrimer G2 has a higher selectivity
than that expected from its monotonous change with increase of
generation number.

The absence of dendrimer plasticization with guest was ob-
served in TG/DSC/MS study of G3 saturated with propionitrile,
which is an average guest by its sorption capacity DF, Table 1.
The data obtained are given in Fig. 5. The inflection point of DSC
curve at 111.7 �C may correspond to glass transition point Tg. At
Tm = 137.7 �C, G3 melts giving peaks on DSC curve and on the ion
thermogram for propionitrile molecular ions (m/z = 54). This shape
of DSC curve is in line with the properties of polymers saturated
with solvents and heated through glass transition point [43].

Specific feature of G3 saturated with propionitrile is its essen-
tially higher Tg and Tm points than for pure G3, Table 2, while the
enthalpy DH of the peak at Tm is nearly the same for both samples.
So, propionitrile, being inside dendrimer phase at Tg point, accord-
ing to the ion thermogram on Fig. 5, performs rather antiplasticiza-
tion of G3. This may be explained by reduction of branches mobility



Fig. 6. Kinetics of propionitrile desorption from G3 dendrimer on the air at 20 �C by
absorbance of CN-group at mCN = 2245 cm�1 from FTIR microspectroscopy data.
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when guest is inside dendrimer voids. This glass transition behav-
ior is quite opposite to that observed for glassy polymers in ab-
sence of strong guest-polymer H-bonding or coordination [44].
The observed absence of plasticization of G3 with propionitrile is
in agreement with the strong size exclusion effect observed for
G1–G4 saturated with various guests, Fig. 2, SM.
3.3. Binding irreversibility and guest exchange

The guest-binding irreversibility was studied for G3. For this, a
sample of G3 layer with a thickness of 300 nm saturated with pro-
pionitrile vapor at room temperature (20 �C) was exposed to the
open air, and its IR spectra were determined every minute for
the first t = 7.5 h, and then one spectrum was determined at
t = 24 h, Fig. 6. In the last spectrum, the dendrimer sample had
not any noticeable absorbance of CN-group at mCN = 2245 cm�1.

The observed desorption rate is slower nearly in two orders of
magnitude than the guest adsorption rate in QCM experiment,
where 20 min is enough to reach 99% of G1–G4 sorption capacity
in most cases, including the systems with propionitrile vapor, Figs.
Fig. 7. (a–b) FTIR microspectroscopy study of guest exchange in G3. The mCN region of IR
room temperature 20 �C (RT): (a) for the sample exposed to the air, RT; (b) for the sampl
P0 � 0.8, RT) for 13 min after t = 13 min. The time t since the sample exposure to the op
1 and 3, SM. Slower sorption kinetics was observed for low volatile
guest ethylbenzene and for all studied guests with G9.

The high ratio of guest adsorption/desorption rates shows the
irreversibility extent in the system of G3 with EtCN. A high binding
irreversibility was observed also for ethylbenzene, n-BuCN, pyri-
dine, chloroalkenes and chloroalkanes, except 1-chloropropane
and CCl4, which cannot be removed completely from G1–G4 coat-
ings by air purge at 45 �C in a reasonable time. The same was ob-
served for n-BuOH, 1,4-dioxane and 1-chloropropane with G2–G4,
and for aromatic hydrocarbons, CCl4 and C2Cl4 with G9. Water,
methanol and ethanol are completely eliminated from the studied
dendrimers by this procedure. So, dendrimers G1–G4 bind most of
the studied guests irreversibly, which is normal both for glassy
polymer [23] and crystalline clathrate-forming receptors [26,45].

To compare the studied dendrimers with receptors of these two
types and to elaborate the host regeneration technique from the
irreversibly bound guests, the guest exchange was studied for G3

saturated with propionitrile. Methanol was used as the guest
replacing agent, because it is a good leaving guest for hydrophobic
clathrate-forming receptors [26]. In TG/DSC experiment, the most
of the bound methanol desorbs from G3 powder during 20 min of
pre-heating equilibration at room temperature. Thereafter, a sam-
ple of G3 initially saturated with methanol loses only 0.9% of its
mass below 200 �C, SM, which is a small portion of the metha-
nol/host mass ratio (17%), in the saturated G3 coating, Table 1.

The guest exchange for methanol was studied using FTIR micro-
spectroscopy for two samples of dendrimer G3 coating with the
average thickness of 300 nm saturated with propionitrile vapor
at P/P0 = 0.8 and 20 �C. Both samples were simultaneously exposed
to the open air at this temperature, and their IR spectra were re-
corded using FTIR microscope, Fig. 7. Full IR spectrum of G3 coating
is given in SM. For one of the samples, this exposure was inter-
rupted by saturation with methanol vapor (P/P0 � 0.8) for 13 min.
This saturation takes away the absorption band of guest CN-group
at 2245 cm�1 as can be seen in Fig. 7b. For the sample exposed only
to the air, this band persists staying at much later time, Fig. 7a. So,
methanol effectively replaces propionitrile in solid dendrimer
phase. This technique was used in the present work for dendrimer
regeneration in sensor experiments in all mentioned cases, where
significant guest-binding irreversibility was observed.

The observed guest exchange is in agreement with the observed
high glass transition point of G3, the absence of its plasticization
with sorbed guest and the size exclusion effect. Such exchange is
not possible for cross-linked glassy polymer that is plasticized with
spectra of two G3 coatings initially saturated with propionitrile vapor P/P0 = 0.8 at
e, which exposure to the air was interrupted by saturation with methanol vapor (P/
en air is indicated for each spectrum.
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the sorbed solvent [23]. This property puts the studied dendrimer
in line with clathrate-forming receptors, for which guest exchange
in solid phase also takes place [26,29,46].
4. Conclusions

The observed combination of guest sorption properties of orga-
nophosphorus dendrimers helps to find their position in the range
of the other receptor materials. Each separate property described
has an analogy in the features of other types of receptors. But taken
together, they give quite a new picture.

So, the different selectivity of dendrimers for different homo-
logical series of guests, general size exclusion effect and guest-
binding irreversibility resemble the same properties of a cross-
linked glassy polymer. But one cannot expect that a soluble glassy
polymer would not be plasticized with good solvent. The guest ex-
change and absence of plasticization observed for G3 is an intrinsic
feature of crystalline clathrate-forming receptors, like calixarenes,
but these hosts do not have a glass transition behavior contrarily to
dendrimers.

Being glassy, the studied dendrimers have a higher guest selec-
tivity than isotropic polymers. So, in some extent, it may be called
a molecular recognition. Still, this selectivity is lower than that of
calixarenes, which may recognize a guest even in a mixture with
its close homologue [47]. The cause may be the absence of pseudo-
polymorphic transitions in dendrimer phase observed for G3 at the
guest sorption/desorption. No significant cooperativity of this pro-
cess is observed, which restricts the selectivity.

In general, the study reveals the presence and limits of molecu-
lar recognition of volatile compounds in sorption by phosphorus-
containing dendrimers, linking it with their other properties. As a
result, dendrimers studied were found to have several combined
features both of cross-linked glassy polymer and calixarenes.
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