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ABSTRACT: The pulsed field gradient (PFG) nuclear magnetic resonance (NMR) method has been used to
study the molecular self-diffusion of polystyrene (PS) solutions in porous acrylate-based monoliths. It was
found that the characteristic concentration and molar mass dependencies of the PS self-diffusion in the solution
(describable by the Zimm and Doi—Edwards models) remain unchanged in case that the self-diffusion occurred
in this porous material. However, the self-diffusion coefficients of the PS were reduced in the monoliths by a
constant factor, which is independent of the molar mass and the concentration. This constant factor represents
the tortuosity of the porous monoliths and agrees with the reduction of the initial turnover frequency found in
the ring-closing metathesis reaction of diethyl diallyl malonate catalyzed in these monoliths.

Introduction

The diffusion behavior of polymer solutions is studied for
many years."? Most of the former publications concentrate on
the comparison between theoretical predictions and experimental
data of macromolecular bulk solutions and melts.*~'° The existing
experimental studles 1n this field apply techmques like forced
Rayleigh scatterm% 13 dynamic light scattering,"*”'® and neu-
tron scattering.'’ " An additional method represents the pulsed
field gradient (PFG) nuclear magnetic resonance (NMR), which is
known to provide a direct and nondestructive measurement of the
diffusivity of NMR active nuclei without influencing the proceed-
ing diffusion processes in solution as well in porous media.?* >

Porous monolithic golymerlc materials have first been reported
in the early 1990s.*~%° They were originally designed for high-
speed chromatographic separations, nevertheless, their most
favorable properties also paved the way for use in other applica-
tions, e.g., as catalytic supports in bioreactors.® Monolithic poly-
meric materials (“monoliths”) are characterized by a unitary
porous structure with interconnected large pores and are usually
synthesized within the confines of the compartment in which they
are to be used at a later stage. The structure-forming matrix com-
posed of interlinked microglobules itself may be porous or non-
porous, depending on the application. The porosity and the pore
size distribution can be tailored through synthesis. This is accom-
plished by determining both the onset of phase separation and the
number of growing nuclei. The majority of monolithic polymeric
materials has been prepared via thermally or UV induced free
radical polymerization of (meth)acrylates,””*® however, other
techniques such as y-irradiation®” as well as various polyaddition
and polycondensation based approaches have to be mentioned,
t00.*"73? Apart from these synthetic approaches, the ring-opening
metathesis polymerization based synthesis and functionalization
of such supports has been elaborated by Buchmeiser et al.***
aiming on ap;)hcatlons in separation smence 35745 heterogeneous
catalysis,” and tissue engineering.”® In addition, aiming
on large volume monolithic devices, electron beam triggered
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free radlcal Polﬁymerlzatlon has been developed by the same
group.”

The short analysis times in high-speed chromatographic separa-
tions, particularly for larger biomolecules, that are usually observed
with such monoliths, are a result of the fast mass transfer between
the mobile and the stationary phase. In particular, monolithic
structures with no or very low micro- and mesoporosity and con-
sequently with low specific surface areas reduce diffusion resis-
tances to a minimum extent and thus allow for such fast separa-
tions. Though this has already been addressed theoretically at the
beginning of the “monolithic era”,"~% we were interested in
whether the diffusion of macromolecules within monolithic materials
follows (standard) diffusion laws. To mimic biomolecules
with high molecular masses, e.g., proteins, we chose narrow poly-
styrene standards and investigated their diffusion behavior in
solution. Deuterated benzene was chosen as a good polymer sol-
vent to rule out any surface-polymer interactions such as irrevers-
ible adsorption, etc. In this example, the influence of the internal
structure of porous acrylate-based monoliths on the self-diffusion
of the macromolecules is investigated. For this purpose, we apply
time-dependent PFG NMR measurements to study the self-
diffusion of the PS molecules in solution of deuterated benzene.

Materials

Preparation of Monoliths. Trimethylolpropane triacrylate,
ethyl methacrylate, 2-propanol 1-dodecanol, and toluene were
purchased from Sigma-Aldrich. Toluene was dried by a MBraun
SPS system. All monoliths were prepared from this chemicals as
follows. Glass columns or tubes were cleaned, rinsed and soni-
cated in a 1:1 mixture of ethanol and acetone and dried for 2 h
in vacuo. Glass columns were placed inside a test tube. The columns
were filled with the polymerization mixture (trimethylolpropane
triacrylate:ethyl methacrylate:2-propanol:1-dodecanol:toluene =
15:15:30:30:10 wt %), sealed at either side, and irradiated by an
electron-beam to initiate the polymerization.

The general irradiation procedure for the electron-beam-
triggered free radical polymerization-based synthesis of the
monoliths proceeded as follows: The electron-beam irradiation
was performed at a 10 MeV linear accelerator ELEKTRONI-
KA (Toriy Company, Moscow). The accelerator was operated
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Figure 1. REM pictures of the porous acrylate-based monoliths.

at a 50 Hz repetition rate and 4 us pulse length using a scanning
horn (width up to 40 cm, scanning frequency 1 Hz) and a
movable table to irradiate the samples. As a reference dose,
the dose to graphite was determined with a calorimeter without
further correction for the particular material irradiated. The
total dose was applied incrementally in small steps (~3 kGy)
over a period of 15 min in order to keep the temperature well
below 50 °C. A total dose of (22 kGy) was applied. After
irradiation, the glass tubes were broken to remove the mono-
lithic rods from the glass tubes. The rods were inserted into 2 mL
syringes, connected to a syringe pump and flushed with CHCl;
for 4 h at a flow rate of 0.2 mL/min. After this procedure, the
monoliths were ready for use and characterization.

The monolithic columns were characterized by inverse size-
exclusion chromatography®®? as described elsewhere.>*®* For
the monoliths used in this study, the volume fraction of pores
(£,) was 9%, the volume fraction of the interparticle void volume
(e.) was 77%, the total porosity (¢;) was 86% and the pore
volume (V) of the monolith was 370 uL/g. Figure 1 shows an
image of the resulting structure of the monolithic materials
recorded by electron microscopy (REM) and Figure 2 showes
its pore size distribution. REM was carried out on an Ultra
55 (Carl Zeiss SMT, Oberkochen, Germany).

NMR Sample Preparation. Polystyrene standards in the
molecular weight range of 2600 g/mol < Mpg < 900000 g/mol
have been studied as solutions in deuterated benzene (CgDg) at
concentrations cpg of 2, 5, and 15 wt %. Narrow polystyrene (PS)
standards with molecular masses (Mps) of 2600, 17 200 g/mol were
purchased from Waters (USA). In addition, polystyrene stan-
dards with molecular masses of 49 300, 62300, 75000, 301 600,
319000, 524000, 601 800, 864 000, and 900 000 g/mol were pur-
chased from Polymer Standards Service (PSS, Mainz, Germany).
All PS standards were prepared by dissolving the PS of interest in
deuterated benzene.
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Figure 2. Poresize distribution for the porous acrylate-based monolith,
where R represents the fraction of the total pore volume.

For the PFG NMR measurements, PS solutions in C4Dg as
well as the solutions of PS in C4Dg soaked into the acrylate-
based monoliths were inserted in glassware tubes of 7.6 mm outer
diameter. Filling the accessible pores of the monoliths with the PS
solution occurred by capillary action, where the lower part of the
monoliths is immersed in the solution. Thus, the air could easily be
replaced by the invading solution. During filling, the initially white
monoliths turned opaque. Obviously, the refractive index match
between the porous acrylate matrix and the PS solution reduces
light scattering drastically, which is a clear indication for a homo-
geneous filling of the pore space. The monoliths were considered to
be saturated, if they occurred homogeneously opaque. The glass-
ware tubes were sealed immediately after preparation by melting
the glass in order to prevent evaporation of the solvent.

Methods

PFG NMR. The PFG NMR technique was originally devel-
oped by Stejskal and Tanner.%* The recorded signal is sensitive
to the mean square displacement (z*(A)) of the diffusing mole-
cules in the direction of the pulsed field gradient during the
observation time A. Under equilibrium conditions, the mean
square displacement is directly related to the self-diffusion
coefficient D by the so-called Einstein relation:

(Z}(A)) = 2DA (1)

The PFG NMR self-diffusion measurements were carried out by
means of the home-build NMR spectrometer FEGRIS NT
operating at a proton resonance frequency of 125 MHz, which
is equipped with a pulsed field gradient unit.?"*2%3-6¢ The self-
diffusivities were determined by measuring the normalized
attenuation W(b) = M(b)/M(b = 0) of the NMR signal intensity
as a function of the magnetic field gradient pulse strength b, the
so-called h-value. The NMR signal was generated by using the
Hahn echo and the stimulated echo pulse sequence with mag-
netic field gradient pulses as shown in Figure 3. Thereby the
signal attenuation for an isotropic system obeys the relation

W(b) = exp(— bD) (2)

For rectangular shaped gradients, the h-value for the used pulse
sequences is given by

b = y*0'G (A—%@)
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Figure 3. (a) Hahn echo and (b) stimulated spin echo sequence with
pulsed field gradients G(7).

with y denoting the gyromagnetic ratio of the observed nuclei
(in our case hydrogen with y = 2.67 x 108 T~'s™ 1), § the mag-
netic field gradient width, and G the magnetic field gradient
amplitude. The pulsed field gradient separation A represents
the time scale over which the diffusion process is monitored
(“observation time”). If the system contains # different phases
with different self-diffusion coefficients, eq 2 becomes

W(b) = Z qn exp(—bD,) (3)

n

with ¢, denoting the amount of molecules having the self-diffu-
sion coefficient D,,.

In the experiments, 0 was varied between 300 and 3000 us
and G was incremented up to 35.4 T/m. These values refer to the
maximum of the pulsed gradient strength during the gradient
pulse, which is only achieved by controlled exponentially shaped
rise and fall times of the gradient currents during 6. The stabil-
ity of the PFG NMR measurements under such conditions is
ensured by observation of the spin echo in the time domain and
adjusting its position using a small read gradient. Details of
these procedures including the calculation of the b-values for
such shaped gradient wave forms are extensively described by
Stallmach and Galvosas®” (sections 4.2.2 and 4.2.4). Generally,
several scans were recorded to increase the signal-to-noise ratio.
Since deuterated benzene was used as solvent, the main signal in
"H NMR occurs from the protons of PS and the detected signal
is conclusively classifiable as signal of the PS molecules. How-
ever, a slight signal occurring from the residual protonated sol-
vent molecules (C¢H,D,, x + y = 6) was always detected. All
measurements were performed at a temperature of 298 K with
an accuracy of +1 K. The self-diffusivities were studied using
an observation time A varying between 1 and 1000 ms. During
the self-diffusion measurements, all samples showed no evidence
of convection or flow. Measurements of several samples were
repeated after about six months of storage and did not show
significant changes in the measured diffusion parameters. To
accurately calibrate the magnetic field gradient of the NMR
spectrometer, self-diffusion measurements in pure H,O done by
Holz et al.%” were used as reference. The given measurement
uncertainties are composed of the direct measured uncertainty
plus the fitting error uncertainty.

Results and Discussion

Figure 4 shows selected observation time-dependent spin echo
attenuation curves of the PS/CyDg-loaded acrylate-based mono-
liths, which are representative for all concentrations and molar
masses. All curves obtained can be approximated by using eq 3
for two diffusion regimes (n = 2). The self-diffusion coefficients
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Figure 4. Semilogarithmic plot of the spin echo attenuations W(b) for
different observation times A for PS dissolved in deuterated benzene
soaked into the porous acrylate-based monoliths (Mps = 864 000 g/mol,
cps = 2wt %).
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Figure 5. Double logarithmic plot of the observation time dependency
of the self-diffusion coefficient of PS dissolved in deuterated benzene
(Mps = 601800 g/mol, cps = 2 wt %) for the pure solution (M) and the
solution soaked into the porous monoliths (O).

of the fast components are found to be in the order of about
1070 m2/s. This component can be attributed to the solvent self-
diffusion, which is observed by "H NMR due to residual protons
in the deuterated benzene. Its total amount is for all samples
investigated lower than 15%. The slower component represents
the collective self-diffusion of the PS chain system and is the point
of interest in this study. In the displayed case of a molar mass
of Mps = 864000 g/mol and a concentraion of cps = 2 wt %,
the spin echo attenuation curves show no significant change
for observation times exceeding about 10 ms. This behavior
occures for the lowest molar masses (Mpg= 2600 g/mol) at
observation times <1 ms and for the highest molar masses
(Mps = 900000 g/mol) at observation times of round about 20 ms.

Figure 5 displays the self-diffusion coefficients of the PS
molecules dissolved in deuterated benzene (Ds) and of this PS
solution soaked into the porous monoliths (Dy) in dependence
on the observation time A. As one can see, with increasing time,
the self-diffusion coefficient decreases until it saturates to a
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constant value. Whereas for low observation times the internal
motions and oscillation of the PS chains were detected, for longer
times exceeding the above-mentioned time scales, the self-diffu-
sion coefficient describes the collective motion of the PS chain
system. Additionally, a faster decrease of the self-diffusion coeffi-
cient in the PS/C¢Dg-filled acrylate-based monoliths is observ-
able, which is due to the interaction of the diffusing molecules
with the inner surface of the porous material. For the chromato-
graphic application of the porous acrylate-based monoliths, the
collective self-diffusion coefficient is relevant. Therefore, the mea-
sured self-diffusion coefficients are compared at an observation
time A exceeding 25 ms. To proof the adaptability of eq 1 in
Figure 6, the mean square displacement of the PS molecules in
parallel to the applied magnetic field gradient (z*(A)) is plotted
on a double logarithmic scale against the observation time A.
Generally, a slope of 1 is observed, which shows the direct
proportionality of D < A and eq 1 is valid for the collective
diffusive motion of the PS chains in the present case.

The extracted self-diffusion coefficients are shown in Table 1
and are plotted in Figure 7 as a function of the molar mass. The
double logarithmic scale in Figure 7 provides the opportunity to
extract the coefficient k of the characteristic dependency of the
self-diffusion coefficient D on the molar mass Mpg:

D o< MpgF (4)

The lines in Figure 7 are representative to the diffusion data of
the PS solutions in the porous monoliths. However, they are
obviously also characterizing the molar mass dependence in the
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Figure 6. Double logarithmic plot of the measured mean square dis-
placement <22(A)> over the observation time A for the PS self-diffusion
in deuterated benzene (M) and in deuterated benzene soaked into
acrylate-based monoliths (O) (Mps = 301 600 g/mol, cps = 15 wt %).
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pure PS solutions, since their self-diffusion coefficients are found
to be just a small factor larger than that of the PS solutions in the
monoliths (see also Table 1).

In the molar mass dependence of the PS self-diffusion, a clear
crossover from a characteristic exponent of k ~ —0.5 to higher
values of —1.2 to —1.9 can be observed. This crossover occurs for
all three concentrations at a molar mass of about 30 000 g/mol.
This behavior agrees with corresponding data for pure solution of
PS dissolved in toluene measured by fluorescence correlation
spectroscopy recently published by Zettl et al.'’

For concentrations smaller than 30000 g/mol, the character-
istic exponent of k ~ —0.5 agrees with the prediction of the Zimm-
model,*® which assumes diffusion of interacting individual poly-
mer chains, which are not entangled. Within the experimental
error it is also consistent with the model of diffusion in solutions
below the overlap concentration,"*' which predicts k = —0.6.

At Mps > 30000 g/mol and the highest concentration of 15wt %,
k is found to be —1.9 and thus, very close to the prediction of the
Doi-Edwards (reptation) model for semidiluted entangled
solution.'**" Therefore, Mps ~ 30000 g/mol may be identified
as the entanglement molar mass Mg. For the smaller concentra-
tions (2 and 5 wt %), the characteristic exponent clearly exceeds
the value for dilute, unentangled solution, but does not reach the
value of k = —2. Therefore, we conclude that the PS chains are
not yet fully entangled in this concentration range, since the
concentrations are smaller than the overlap concentration.
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Figure 7. Double logarithmic representation of the self-diffusion coef-
ficients D in dependence of the molar mass Mpg for the different
concentrations of PS dissolved in deuterated benzene (open symbols)
and of PS dissolved in deuterated benzene soaked into the porous
monoliths (full symbols).

Table 1. Self-Diffusion Coefficients of Solutions of PS in C4D¢ (Ds) and of PS in C¢Dg Soaked into the Monolithic Materials (Dy;)*

2wt %

Swt %

15wt %

Mps [g/mol]

Ds [m’/s]

Dyt [m/s]

Ds [m’/s]

Dy [m?/s]

Ds [m’/s]

Dy [m?/s]

2600 (5.0+05)x 1071 27+£03)x 107" (24404)x107"1°
17200 (1.5+£03)x 107" (85£05) x 107" (0.9+0.1) x 1071
49300 (33+02)x 107" (3.0+0.4) x 107!
75000 (50£05x107"  @23+0) %107 (d9+01)x10"

301600 (23£0.1) x 10712
319000 (5.5+0.5) x 10712
601 800 (36+£03)x 107" (22402 x 107" (1.1+£0.1)x 107"
864000 (1.5+£0.5) x 10712
900 000 (48+04)x 101

2.0+0.2) x 1071
(6.0£0.3) x 1071
23+£0.1) x 1071
(1.5+£0.2) x 107!
(2.0£0.1) x 10712

(8.8+0.2) x 10713

(38+03)x 1071

(8.3+0.2) x 1071
(3.9+0.1) x 107"
(8.9+0.1)x 10712

(34+02)x 1071

(2.0+£0.2) x 1071

6.0+ 0.6) x 107!
(28+02)x 107"
(5.64+0.2) x 10712

(21£0.1)x 1071

“The values were extracted from measurements performed at A > 25 ms and represent the collective motion of the PS molecules.
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Table 2. Necessary Pore Sizes for Getting Penetrated bgf a Certain PS
Standard (Compare also Halasz et al.®"%%)
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Table 3. Calculated Tortuosity 7 = Dg/Dy, for All Examined Molar
Masses and Concentrations

Mps [g/mol] pore size [nm] Mps [g/mol] 2wt % Swt % 15wt %
benzene 0.8 2600 1.9+04 1.24£0.3 1.4+0.2
2600 6.4 17200 1.8+£04 1.54£0.2 1.4+0.1
17200 19.5 49300 1.34£0.2 1.6+0.1
49300 36.4 75000 22403 1.3+0.2
62300 41.7 301 600 1.2 £0.1 1.6+0.2
301 600 105.9 601 800 1.6£0.3 1.3£0.1
319000 109.5 900 000 1.3£0.2
601 800 159.3 average 1.9£0.3 1.3£0.2 1.5£0.2
864 600 197.2
900 000 202.0 monolith-immobilized analogueon, i.e. Ru(monolith-CF,CF,COO)-

It should be noted again that our NMR measurements do
not provide any evidence that the characteristic exponents for
the molar weight dependences of the self-diffusion for the PS
molecules in pure benzene solutions differ from the ones of the PS
solutions in the porous acrylate-based monoliths. Therefore, the
general trend and scaling laws, which are well established for
polymer solutions, do also apply for the diffusion of the polymers
through the pore space of these porous monoliths.

This finding may be rationalized by comparing the pore size
distribution of the porous monoliths with the necessary pore size
for getting penetrated by a certain PS standard,®"> which may
be considered as the minimum pore size required in order to
accommodate a PS molecule. As can be seen from Figure 2, the
monoliths used contained pores <6 nm as well as pores in the
range of 65—350 nm. Table 2 summarizes the minimum pore
diameters that are necessary to be penetrated by a certain PS
standard. From these values it becomes clear that none of the
PS standards used can penetrate the pores <6 nm. This means
that none of the PS standards penetrate the micro- or mesopores
of the monoliths. However, all standards can at least in part
penetrate the macroporous fraction, which is characterized by
pores in the range of 65—335 nm. Moreover, the largest macro-
pores are more than an order of magnitude wider than the
maximum required pore sizes for getting penetrated by a certain
PS standard given in Table 2. Therefore, even the PS molecules
with the highest molar mass diffuse over short length scales as in
the pure solutions.

The only pronounced difference between the PS self-diffusion
in the pure solution (Ds) and in the monoliths (Dyy) is a small
reduction of the self-diffusion coefficients observed at sufficient
long observation times (see Figures 5 to 7). Table 3 shows the
calculated ratios of Ds/Dy, for all molar masses and concentra-
tions. Obviously, the ratio Ds/Dyy does not depend on the molar
mass of the diffusing molecules. In this case, the Dg/Dy ratio is
identifiable with the tortuosity factor 7 of the porous monoliths.
Itis defined as the squared ratio of the averaged effective pathway
trough the pore space /.- and the direct connection / of two points
in the pore space of the porous material:’"">

_ (Le\*ear Ds
=) 5 ©)

In the present case the investigated PS standards are not able
to access the microporous regime of the monoliths. However,
all investigated PS standards can penetrate the (same) macro-
porous space, which is the reason that we find a tortuosity factor
which does not depend on the PS molecular mass. From the data
in Table 3 one estimates a tortuosity factor averaged over all con-
centrations of about 1.5 + 0.2.

This tortuosity factor strongly correlates with the initial turn-
over frequencies (TOF,) found in the ring-closing metathesis
(RCM) reaction of diethyl diallyl malonate catalyzed in solution
by Ru(CF;COO),(IMesH,)(CH-2-(2-PrO)-C¢Hy) (1) and by a

(CF5COO0)(IMesH,)(CH-2-(2-PrO)-C¢Hy) (2). We chose this
initial turnover frequency (TOF,) as a measure, since TOF, can
be calculated from the number of turnovers at a given time
(short after the start of the reaction) per the initial number of
catalytic centers. The latter can easily be determined, e.g., by
inductively coupled optical emission spectroscopy (ICP-OES).
The initial number of catalytic sites is the only valid measure since
this number can decrease over time, e.g., by catalyst decomposi-
tion during the RCM reaction of a substrate, thereby changing
the number of catalytic sites. From the data presented by Krause
et al.”® TOF, values of 0.21 s~! for 1 and of 0.13 s™! for 2 were
calculated. Thus, the TOF, for the RCM reaction in solution is
about 1.6 times larger than the TOF, found for the RCM in the
solution placed inside the monolithic material. What we now
propose is that the geometrical factor of a pore or a porous system,
i.e., the tortuosity, in fact is related to or affects the macroscopic
motion of substrates inside such a porous system under given
conditions. Thus, a highly tortuous system would result in rather
low diffusion coefficients and consequently into low reaction rates
at the catalytic centers by the substrate molecules and a compara-
ble poor removal of the product molecules there from. This would
result in low TOFs and a low TOF, (as well as in low turnover
numbers, since catalyst decomposition would dominate). Vice
versa, monoliths with low tortuosity guarantee for a good acces-
sibility of the catalytic sites. Since the diffusion of the PS standards
in solution is about 1.5 times the value found in the porous system,
the same might be anticipated for substrate molecules to the
catalytic sites located in the same porous system. Consequently,
transport to and from the catalytic sites must be in the same range,
i.e., 0.66 (which is 1 over 1.5) times of the value found in solution.
Since the catalytic sites are similar, they must have the same
reactivity for a given substrate. In fact, the ratio of TOF,, of the
supported catalyst over TOF, found in solution is 0.62. Thus, the
tortuosity factor is represented there as well and no additional
reduction in the TOF, is observed with the supported catalyst. This
is a result of the fact that the polymeric monolithic support itself is
designed in a way that the catalysts are not located inside any
micro- or mesopores but rather at the inner surface of the support
that is exposed to the large transport pores in the micrometer
regime. Consequently, all catalytic sites are easily accessible with-
out the necessity for the educts and products to diffuse into or out
of a porous system. Therefore, the TOF depends on diffusion and
thus on tortuosity. The data presented here are to the best of our
knowledge the first correlation of diffusivity data with the catalytic
performance of a polymeric monolithic support.

Conclusion

The self-diffusion coefficients of PS dissolved in benzene and
PS dissolved in benzene soaked into porous acrylate-based
monoliths were measured using the pulsed field gradient NMR
technique. These transport processes of liquid-filled pores in these
porous media are of high interest because of their relevance to
chromatography and chromatographic separations, respectively,
as well to catalysis and membrane separation. We showed that
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the scaling laws (D o< Mpg) for molar masses lower than the
entanglement molar mass Mg and as well as beyond this molar
mass are represented by the Zimm model and the Doi—Edwards
model of reptation, respectively. These models also describe the
self-diffusion, if the PS solutions are soaked into the porous
acrylate-based monoliths with a sufficient fraction of macro-
pores. The ratio of the self-diffusion coefficients of PS solutions
with respect to the PS solution soaked into the monoliths was
found to be independent of the molar masses of the PS standards.
It represents the tortuosity of the investigated monoliths. This
tortuosity of the pore space is also reflected in the ratio between
the initial turn over frequency of the ring-closing metathesis
reaction of diethyl diallyl malonate by both a soluble and a
polymeric monolith-supported metathesis catalyst.
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