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ABSTRACT

The synthesis of novel 1-(2-anthryl)-1-phenylethylene (APE) di-telechelic polyisobutylenes is
described. Utilization of a difunctional cationic initiator and the in situ addition of the non-
homopolymerizable APE lead to the formation of di-anthryl telechelic polyisobutylenes. Products
were characterized by "H NMR spectroscopy and Size Exclusion Chromatography. The polymers
were UV irradiated at 365 and 254 nm and the reversible photocycloaddition of anthryl moieties
was investigated. The chain extension of di-anthryl telechelic PIBs through photocoupling at
365 nm produced higher molecular weight products from low molecular weight precursors. The
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effect of precursor polymer concentration on the degree of chain extension was investigated, and
intermolecular interactions leading to the formation of tetramers was observed. The photocoupled
products were UV irradiated at 254 nm to induce the reversal of photocycloaddition of anthryl

groups and to follow the consequent photoscission of polymers.

Introduction

The reversible dimerization behavior of anthracene and its
derivatives has been studied extensively since the nine-
teenth century. Today it is well known that anthracene
molecules have the ability to photodimerize by UV irradi-
ation above 300 nm via a [4m + 4] cycloaddition reaction
through the 9- and 10-positions; the resulting photodi-
mers can be reverted back to original state either thermally
at an elevated temperature or via UV irradiation with a
wavelength below 300 nm [1,2]. Advantageous aspects of
this phenomenon have been widely investigated via utili-
zation of various anthracene derivatives [2-4] and anthryl
functionalized polymers [5-26]. The photocycloaddition
property has been applied to form crosslinked polymers
systems [5-9] and used in different application areas such
as controlled release studies [10,11], pattering of polymer
films [12-15], self-healing materials [16,17], and hydrogels
[18,19]. Anthracene end-functionalized polymers were
subjected to photodimerization in order to perform chain
extension [20], to obtain block copolymers [21], and to
form cyclic products [22-26].

In this study, inclusion of the photosensitive anthracene
molecule was achieved through the utilization of 1-(2-anth-
ryl)-1-phenylethylene (APE). APE was first synthesized and

incorporated into copolymer structure as a fluorescent
labelling agent, drawing advantage from the fact that APE
does not homopolymerize [27,28]. This property enabled
the molecule to be used as an end-capping agent, and in
further studies the insertion of APE molecules to polymer
chain ends allowed the synthesis of various anthryl func-
tionalized block copolymers [29-34].

The present work demonstrates the synthesis of a
novel APE functionalized isobutylene polymer via cationic
polymerization. Chain end modification of polyisobuty-
lene (PIB) was performed by in situ addition of APE; ben-
efiting from the non-homopolymerizable nature of the
molecule to obtain end functionalization by single APE
moieties. Utilization of a difunctional cationic initiator in
the process enables the synthesis of di-anthryl telechelic
PIB chains. Employment of other 1,1-diarylethylene com-
pounds for the end functionalization of PIB was achieved
in previous studies [35-42]. Quantitative end-capping of
PIB chains was performed by using 1,1-diphenylethylene
(DPE) [35-39] and derivatives of DPE; [40-42] in considera-
tion of the fact that the reaction of PIB chain end with DPE
results in the formation of a more stable carbocation and
the inability of the molecule to homopolymerize which
allows the addition of only one DPE unit [37]. This strategy
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has proved to be advantageous for the synthesis of several
block copolymers [38-42]. The current work is aimed to
examine the chain extension of di-anthryl telechelic PIBs
through photocycloaddition coupling reactions to reach
higher molecular weight products from low molecular
weight precursors.

Experimental
Materials

Anthracene, acetic anhydride, aluminum chloride (AICL,),
diethyl ether (DEE), methanol (CH,0H), phosphorous pen-
toxide, acetic acid (CH,COOH), sulfuric acid (H,S0,), mag-
nesium sulfate (MgSsO,), hydrochloric acid (HCI), sodium
bicarbonate (NaHCO,), titanium tetrachloride (TiCI4), cal-
cium hydride (CaH,), benzophenone were purchased from
Merck at the highest purity available and used as received.
Sodium (Na) metal was purchased from Alfa Aesar and
used as received. Isobutylene (IB) was purchased from
Scott Specialty Gases and was dried by passing through
columns packed with anhydrous calcium sulfate, cobalt
chloride, moisture sensitive color indicator, silica gel and
condensed into a N, atmosphere reactor at —40 °C prior
to use.

Phenylmagnesium bromide (PhMgBr, 3M in DEE solu-
tion) was purchased from Sigma Aldrich and used as
received.

Dichloromethane (DCM), n-hexane, tetrahydrofuran
(THF) and 2,6-di-tert-butylpyridine (DtBP) were purchased
from Merck.

DCM and n-hexane were initially refluxed over calcium
hydride; followed by distillation in reduced pressure over
sodium mirror and phosphorous pentoxide, respectively.
THF was distilled over sodium metal and benzophenone.
DtBP was purified by distillation over calcium hydride.

Synthesis of 1-(2-anthryl)-1-phenylethylene (APE)

APE was synthesized as previously described [27]. Initially,
the Friedel-Crafts reaction was utilized for the synthesis
of 2-acetylanthracene intermediate via addition of ace-
tic anhydride to anthracene in the presence of AICI, in
nitrobenzene. The product was recrystallized from ben-
zene/hexane mixture and purified by further extractions.
In the next step, of 2-acetylanthracene (11.95 g, 54.3 mmol)
was dissolved in dry toluene (350 ml) and 35 ml of 3 M
phenylmagnesium bromide in diethyl ether was added
dropwise. The reaction mixture was refluxed for 12 h and
then poured into crushed ice (460 ml) and concentrated
hydrochloric acid (46 ml) mixture. Extraction was per-
formed with toluene, product was dried over magnesium
sulfate and the solvent was evaporated. The crude product
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was dissolved in 240 ml of hot acetic acid and 0.2 ml con-
centrated sulfuric acid was added. The mixture was cooled;
the crystalline product was collected, washed with cold
acetic acid and dried. The monomer was further purified
by recrystallization.

'HNMR (CDCL,): & (ppm) = 8.41(s, TH), 8.37 (s, TH), 8.05-
7.90 (m, 4H), 7.53-7.33 (m, 8H), 5.67 (s, TH), 5.57 (s, TH).

Synthesis of 5-tert-butyl-1,3-bis(2-chloro-2-propyl)
benzene (t-Bu-m-DiCumCl)

The difunctional cationic initiator t-Bu-m-DiCumCl was
synthesized in a similar manner as previously described
[43,44].

Synthesis of di-anthryl telechelic polyisobutylene

A representative polymerization procedure of APE-PIB-
APE carried out by cationic polymerization is as follows.
A 500 ml one neck round bottom flask equipped with a
magnetic stirrer bar and a rubber septum was connected
to the vacuum line and flamed under vacuum and charged
with nitrogen gas. The polymerization was performed in
freshly distilled n-hexane/DCM (60:40%) solvent mixture at
—80 °C under nitrogen atmosphere; with t-Bu-m-DiCumCl/
TiCl, initiating system and DtBP as the proton trap. Hexane
(51 ml), DCM (33 ml) and t-Bu-m-DiCumCl (0.4765 g,
1.66 X 1073 mol) were transferred into the reactor. 0.2 ml
(8.3 x 107> mol) of a 5 ml stock solution of DtBP in hex-
ane was added via syringe equipped with steel capillary
and then the reactor was cooled to —80 °C. Isobutylene
(8 ml, 1.08 x 10! mol) was condensed into a previously
flamed and nitrogen filled graduated cylinder at —40 °C
and added to the reactor via capillary. After the transfer
of TiCl, (3.66 ml, 3.33 x 1072 mol) the polymerization was
conducted —80 °C for 1 h.Then, a solution of APE (1.12 g,
4 x 1073 mol in 60 ml DCM) added into the reactor via cap-
illary and the reaction was continued for 3 h. Termination
was performed by the addition of 5 ml methanol and the
polymer solution was precipitated into excess metha-
nol. The obtained polymer was dissolved in hexane, and
washed with 5% aqueous sodium bicarbonate and water.
The organic phase was dried overnight over magnesium
sulfate, filtered through fine sintered glass and the solvent
was evaporated on rotary evaporator. Then, the polymer
was redissolved in a small amount of hexane and precip-
itated into acetone twice in order to remove excess APE.
Finally, the polymer was further dried on high vacuum line.
Figures 1 and S1 show the Size Exclusion Chromatography
(SECQ) traces of the synthesized polymers APE-PIB-APE-1
and APE-PIB-APE-2; the corresponding "H NMR spectra are
given in Figures 2 and S2, respectively.
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UV irradiation experiments

A custom made UV chamber was utilized for the UV
irradiation experiments of the synthesized polymers.
Photocycloaddition reactions of the anthryl function-
alized polymers were conducted with low-pressure
mercury-vapor fluorescent lamps (8 W), with maximum
emission wavelength of 365 nm.The intensity of light was
measured as 10 mW/cm?, by using UVA/B Light Meter.
Photoscission reactions were performed with low-pressure
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Figure 1. APE-PIB-APE-1 SEC data recorded by UV absorbance
and refractive index detectors.

mercury-vapor fluorescent lamps (8 W), with maximum
emission wavelength of 254 nm. The intensity of light was
measured as 5.5 or 11 mW/cm?, by using UVC Light Meter.
The reactions were carried out in crimp sealed vials under
nitrogen atmosphere. Initially, the polymers to be used
were weighed into vials which were then sealed, evacu-
ated under vacuum and purged with nitrogen gas. Then
a required amount of distilled THF was transferred into
the sealed vial through capillary under N, atmosphere.
The reactor vial was placed into the UV chamber and the
polymer solution was stirred throughout the reaction.
Sampling at different time intervals was done under nitro-
gen atmosphere.

Characterization

"H NMR spectroscopy was performed on Varian Gemini
400 MHz spectrometer at room temperature with deuter-
ated chloroform (& CDCI3: 7.26 ppm) as solvent.

The number average molecular weights M) and
polydispersities (PDI) of the polymers were determined
by Size Exclusion Chromatography (SEC) at 30 °C using
Waters Isocratic HPLC Pump with Waters 2414 Refractive
Index (RI) Detector, Waters 2487 UV absorbance detector
and four Waters Styragel columns (HR 3, HR 4, HR 4E and
HR 5E). Distilled THF was used as the mobile phase at a
flow rate of 0.35 mL THF/min. Polystyrene standards used
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Figure 2. "H NMR spectrum of APE-PIB-APE-1.



for calibration were in the range of 400-180,000. Samples
were injected using 100 pyL Hamilton syringe. For the
detection of anthracene moieties, UV absorbance detector
was adjusted to 365 nm.

Results and discussion

Di-anthryl telechelic PIBs were synthesized using the afore-
mentioned method and the corresponding SEC data for
the synthesized polymers APE-PIB-APE-1 and APE-PIB-
APE-2 are demonstrated in Figures 1 and S1, respectively.
UV absorbance detector at 365 nm was utilized alongside
the refractive index detector in order to monitor the pres-
ence of the anthracene moieties on the polymer chains.
The overlap in the chromatograms indicates that the pol-
ymer chains were successfully functionalized with APE.

The 'H NMR spectrum of APE-PIB-APE-1 (Figure 2)
displays the characteristic polyisobutylene peaks, with
methylene protons of the backbone appearing between
1.35 and 1.46 ppm and methyl protons between 1.03 and
1.22 ppm. The signals at 7.2-8.5 ppm correspond to the
anthryl and phenyl groups of APE moieties, which indi-
cate successful end functionalization with 97.2% yield.
The remaining 2.8% is attributed to tert-chloride chain
end, which is observed by the gem-dimethyl protons at
1.68 ppm. The peak at 3.5 ppm corresponds to the meth-
oxy protons of 1-(2-anthryl)-1-methoxy-1-phenyl chain
end with 3.8% yield. The signals at 6.2-6.4 ppm arise from
the formation of vinylic hydrogen of 2-(2-anthryl)-2-phen-
lyvinyl type chain end, with 93.4% yield, which is expected
due to the termination conditions; addition of methanol to
the highly acidic reaction mixture induces the formation
of elimination product [39]. The higher molecular weight
polymer APE-PIB-APE-2 shows 88.1% end functionalization
calculated from '"H NMR spectrum (Figure S2). For both
polymers, the methyl protons of polymer backbone (1.03-
1.22 ppm) and the methyl protons of the first isobutylene
units attached to the bifunctional initiator (0.78 ppm) were
utilized for the calculation of M, values (Table 1).

The synthesized di-anthryl telechelic PIBs were then
utilized in UV irradiation experiments in order to exam-
ine the photocycloaddition reactions that induce chain
extension and formation of higher molecular weight prod-
ucts. Upon irradiation with UV light at 365 nm, polymer
chains having APE units at the chain ends would couple via
[4m + 41 cycloaddition of anthracene moieties (Scheme 1).
Depending on the experimental conditions such as con-
centration, molecular weight and solvent; the polymer
chains may undergo intermolecular interactions leading
to chain extension or intramolecular interactions that
result in the formation of cyclic polymers. The chain exten-
sion process is predominant in the case of high polymer
concentrations and utilization of high molecular weight
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Table 1. Characterization data of synthesized polymers.

Sample name M ?(g/mol) M P (g/mol) Mpb PDI®  APE %?
APE-PIB-APE-1 6357 6893 7456 1.20 97.2

APE-PIB-APE-2 17,545 18,005 20,288 1.18 88.1
2Calculated by 'H NMR.
®Determined by SEC.
W, PIB W),
n

& &S
& 8

Uv >300 nm u UV <300 nm

Q.',O ® 00@0
O " ISR

Scheme 1. Photocycloaddition reactions of di-anthryl telechelic
polymers.

polymers, since both conditions increase the probability
of intermolecular interactions among polymer chains [45].

Chain extension of APE functionalized polymers can
be monitored by SEC analysis through the increase in
the molecular weight with respect to reaction time.
Subsequent decrease in absorbance in the UV chromato-
grams at 365 nm by the photocoupling of anthracene units
can also be observed; owing to the fact that photodimer-
ization of the anthracene units cause a disruption in the
conjugation of the mm system and the resulting photodimers
no longer absorb light of wavelengths greater than 300 nm
[3]. The photocycloaddition reactions of anthracene moie-
ties should be conducted under inert atmosphere in order
to prevent the formation of endoperoxides that occurs in
the presence of air [5,6].

Figure 3 shows the SEC curves of APE-PIB-APE-1 prior
to and after UV irradiation at 365 nm for different reac-
tion times. As the anthracene moieties at the chain ends
undergo intermolecular photocycloaddition, the molec-
ular weight of polymer chains increases which is evident
in the shift to shorter retention time in SEC analysis (Line
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Figure 3. SEC data of APE-PIB-APE-1 recorded by (a) Rl and (b) UV absorbance detectors: before irradiation (1), after irradiation at 365 nm
for 2 h (2), after irradiation at 365 nm for 4 h (3), after irradiation at 365 nm for 6 h (4), after irradiation at 365 nm for 8 h (5), after

irradiation at 365 nm for 24 h (6).
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Figure 4. "H NMR spectrum of APE-PIB-APE-1 (a) before irradiation (b) after irradiation at 365 nm.

1 vs. 6 in Figure 3). Concurrently, absorbance of the pol-
ymer samples monitored by the UV detector at 365 nm
decreases gradually (Figure 3(b)) following the depletion
of anthracene units by photocycloaddition reaction.

"H NMR spectrum of APE-PIB-APE-1 prior to and after
irradiation at 365 nm is demonstrated in Figure 4. The
comparison of the two spectra shows that the anthryl and
phenyl proton peaks of the original polymer chain end at
7.2-8.5 ppm disappear upon UV treatment and new peaks
corresponding to the aromatic groups of the cycloaddition
product appear at 6.5-7.1 ppm. The bridgehead protons

of the coupled structure are also visible at 4.3-4.6 ppm,
which indicates successful photodimerization of anthra-
cene units.

To gain insight on the effect of concentration on the
degree of chain extension, four samples of APE-PIB-APE-1
with different precursor polymer concentrations ([P]:
24X107°M,74%x 107 M, 24 x 1073 M, 7.4 X 1073 M) were
subjected to UV irradiation of 365 nm. The formation of
higher molecular weight peaks are observed in all four by
the shift of the retention time to lower values, following
the trend of increasing concentration as shown in Figure 5.
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Figure 5. SEC data of APE-PIB-APE-1 recorded by RI detector;
before irradiation (1) and after irradiation at 365 nm for 24 h with
different precursor polymer concentrations: [P]: 2.4 X 10 M (2),
74%x107*M(3),24%x 103 M (4), 7.4 x 103 M (5).

w1} irradiation at 365 nm

irradiationiat 254 nm:
w2) P1:10°M, 1: 5.5 mW/em?’

= 3) [P]: 10" M, I: 5.5 mW/cm®
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Figure 6. SEC data of APE-PIB-APE-1 recorded by RI detector;
after irradiation at 365 nm for 24 h (1), followed by irradiation at
254 nm for 2 h with different precursor polymer concentrations
and light intensities: [P]: 1073 M, I: 5.5 mW/cm? (2), [P]: 10~* M, I:
5.5 mW/cm? (3), [P]: T07* M, I: 11T mW/cm? (4).

The maximum M_and Mpvalues reached after irradiation
at 365 nm for 24 h are listed in Table S1, as well as the initial
M, and Mp value of APE-PIB-APE-1 for comparison.

It was observed that the sample of [P]: 7.4 x 104 M
shows an approximately twofold increase in the M, value
compared to the original polymer within 24 h. Sample
[P]: 2.4 x 1073 M reaches a threefold Mp value; whereas
in the most concentrated sample of [P]: 7.4 x 1073 M, the
average Mp value is approximately four times the original
polymer.This indicates that precursor polymer concentra-
tion directly affects the degree of chain extension; higher
amount of APE-PIB-APE-1 in solution allows the chains
to undergo intermolecular interactions and leads to the
formation of tetrameric structures in the most concen-
trated sample. On the other hand, the original polymer
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peak (Figure 5, Line 1) does not disappear within 24 h,
meaning that not all polymer chains undergo extension.
Furthermore, the MID value of this peak shifts to longer
retention time throughout the reaction. This shows that the
remaining polymer units that are unable to participate in
chain extension may undergo intramolecular interactions
instead and form unicyclic products. These cyclic polymers
appear at longer retention times compared to their linear
counterparts, due to their compact structures and smaller
hydrodynamic volumes [45-48]. The UV absorbance value
of the abovementioned peak diminishes in time, which
also points to the depletion of anthracene units via cycli-
zation. The most distinct shift to longer retention time is
observed for the relatively dilute sample (Figure 5, Line 2).
This indicates that the formation of unicyclic product is
prominent for the least concentrated sample as expected,
since low polymer concentration increases the probability
of intramolecular interactions [45,48]. The formation of a
high molecular weight shoulder for this sample implies
that chain extension could not be avoided even in the
most dilute condition. However, it should be pointed out
that cyclization occurs predominantly in dilute media, and
chain extension does not go beyond the formation of a
dimer.

APE-PIB-APE-2 was also subjected to UV irradiation
at 365 nm, with precursor polymer concentration [PI:
6 x 1073 M. Formation of higher molecular weight peak was
observed, but the shift to higher molecular weights was
not as prominent as the low molecular weight counterpart
APE-PIB-APE-1. SEC Rl data show only an approximately
twofold increase in the Mp value with respect to the origi-
nal polymer within 8 h (Figure S3), even at high precursor
polymer concentration. Longer polymer chains tend to
undergo physical restrictions and diffusion problems that
reduce their mobility. It has been previously stated that the
mobility of anthryl group is crucial to enable the photocy-
cloaddition reaction [14,49], therefore a lesser degree of
chain extension might be expected for the high molecular
weight polymer sample.

Next, photoscission experiments were conducted
by using the photocoupled samples of APE-PIB-APE-1,
obtained by irradiation at 365 nm for 24 h, at concentrated
conditions to yield the highest molecular weight starting
products. Irradiation of these samples under UV light at
254 nm leads to reversal of the photocycloaddition reac-
tion, converting the photocoupled APE units to original
state and resulting in the photoscission of polymer chains
(Scheme 1). Reactions were once again performed in THF
under inert atmosphere. The process can be monitored via
SEC analysis by the shift of polymer peak molecular weight
to lower values and the increase in the UV absorbance at
365 nm arising from the recovery of anthracene moieties
at the chain ends.
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Figure 7. Absorbance of APE-PIB-APE-1 at 365 nm recorded by
SEC UV detector; before irradiation (1), after irradiation at 365 nm
for 24 h (2), followed by irradiation at 254 nm (3-8).
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Figure 8. SEC data of APE-PIB-APE-1 recorded by RI detector;
before irradiation (1), after irradiation at 365 nm for 24 h (2),
followed by irradiation at 254 nm for 6 h (3).

When two samples with different precursor polymer
concentrations [P]: 1073 M (Figure 6, Line 2) and [P]: 10* M
(Figure 6, Line 3) were subjected to irradiation at 254 nm
(I: 5.5 mW/cm?) for 2 h, the greater shift to lower molecular
weight region took place with the relatively dilute sam-
ple (Figure 6, Line 3). Evidently, the original polymer was
recovered via photoscission at a higher degree in dilute
conditions, which provide enhanced mobility to the pol-
ymer chains and facilitate photocleavage [6,17]. When the
intensity of light was increased to 11 mW/cm? and the ini-
tial polymer concentration was adjusted to 10~ M, SEC
data showed the furthest shift of the molecular weight to
lower values (Figure 6, Line 4).
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Figure 9. Absorbance at 365 nm vs. time under irradiation at
254 nm, recorded by SEC UV detector (the sample APE-PIB-APE-1
had been previously exposed to 365 nm UV light for 24 h for
maximum photocycloaddition).
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28.00 30.00 32.00 34.00 36.00 38.00
Minutes

Figure 10. SEC data of APE-PIB-APE-1 recorded by RI detector;
before irradiation (1), after irradiation at 365 nm for 24 h (2),
followed by irradiation at 254 nm for 6 h (3), followed by
irradiation at 365 nm for 24 h (4).

The dynamics of the photoscission reaction was further
investigated by examining the correlation between irradi-
ation time and change in absorbance at 365 nm (Figure
7). SEC UV data demonstrates that the absorbance value
increases with irradiation time due to the regeneration of
anthryl moieties via photocleavage under 254 nm UV light.
The highest recovery of APE units was observed upon 6 h
irradiation at 254 nm (Figure 7, Line 8). When compared to
the absorbance value of the nonirradiated initial polymer
(Figure 7, Line 1) and the following decrease to minimum
viairradiation at 365 nm (Figure 7, Line 2), the sampleirra-
diated at 254 nm for 6 h exhibited a 78% recovery of anth-
ryl units (Figure 7, Line 8) determined by comparison of



the areas under the absorbance curves. SECRI data is also
consistent with these results, exhibiting a shift of polymer
molecular weight to lower values due to chain scission
(Figure 8, Line 3).

On the other hand as the sample was exposed to fur-
ther UVC treatment, extending the irradiation time to 8 h
and then 24 h, the absorbance value decreased (Figure
9). These results show that an optimum irradiation dose
has been reached within 6 h beyond which the photo-
cleavage and photocycloaddition reactions are at dynamic
equilibrium. Similar phenomena have been reported in
previous studies for both anthracene [15,18] and coumarin
[50,51] functionalized polymeric systems; an equilibrium
state between the dimeric and photocleaved species is
observed upon 254 nm irradiation after the maximum
absorbance recovery is reached. Prolonged irradiation at
254 nm also renders the anthryl moieties susceptible to
irreversible photocoupling [15]. It has been reported that
irradiation of anthryl groups to induce photodimerization
and photoscission may lead to formation of side products
and irreversibly crosslinked structures [5], mainly due to
radical reactions, which occur most prominently in the
presence of oxygen [52]. Therefore it is crucial to eliminate
oxygen from the reaction medium as much as possible
and work under inert conditions, as previously mentioned.

The photocleaved sample was then subjected to
365 nm irradiation once again in order to investigate the
viability of the photocycloaddition of anthryl units. Upon
24 h exposure to 365 nm light a shift to shorter retention
time was observed in SEC Rl data (Figure 10, Line 4), indi-
cating that the polymer chains are undergoing photocou-
pling again to form higher molecular weight products.

Conclusions

Synthesis of di-anthryl telechelic polyisobutylene was
accomplished successfully by cationic polymerization
followed by in situ chain end functionalization with
1-(2-anthryl)-1-phenylethylene. Simultaneous SEC analysis
by refractive index detector and UV absorbance detector
at 365 nm was carried out for the detection of anthracene
units on the polymer chains. '"H NMR spectroscopy was
utilized to confirm the structure of products, exhibiting
97.2% end functionalization for APE-PIB-APE-1 and 88.1%
for APE-PIB-APE-2.

UV irradiation experiments were performed on the
synthesized di-anthryl telechelic PIBs with alternating
wavelengths of 365 and 254 nm to investigate the revers-
ible photocycloaddition property of anthracene moieties.
Upon irradiation with 365 nm light, the polymer chains
exhibited photocoupling via [4m + 4n] cycloaddition
of anthryl units at chain ends leading to the formation
of higher molecular weight products. The process was
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successfully followed by SEC method; through the shift
of polymer molecular weights to shorter retention times
on the Rl detector and the subsequent decrease in the UV
absorbance detector at 365 nm due to the depletion of
anthryl units via photocycloaddition. It was observed that
increasing the precursor polymer concentration enhanced
the amount of chain extension for APE-PIB-APE-1. Higher
molecular weight sample APE-PIB-APE-2 displayed an
approximately twofold increase in the M, value indicating
the formation of dimers; whereas APE-PIB-APE-1 exhibited
a greater degree of chain extension, attaining tetramer
formation in relatively concentrated reaction conditions.
The original polymer peak of APE-PIB-APE-1 did not dis-
appear within 24 h irradiation and shifted to longer reten-
tion time throughout the reaction. These results show that
in addition to some extent of chain extension, di-anthryl
telechelic polymer chains participated in intramolecular
interactions as well and formed unicyclic products, most
prominently in dilute conditions.

The photocoupled products were then subjected to
UV irradiation at 254 nm to investigate the reversibility
of the photocycloaddition process, which converted
the photocoupled anthryl moieties to original state and
induced photoscission on the polymer chains. Upon irra-
diation with 254 nm light, shift of polymer peak molecular
weight to lower values was observed by SEC Rl detector
arising from the formation of smaller precursor polymers.
The recovery of anthryl units at the chain ends was fol-
lowed through the increase in the SEC UV absorbance
value at 365 nm. It was observed that dilute reaction con-
ditions aided the reversion to original polymer structure
via photoscission and an optimum irradiation dose was
reached within 6 h to yield 78% recovery of anthryl units,
determined by comparison of absorbance increase with
respect to initial values. Re-irradiation of the photocleaved
sample under 365 nm light showed the expected shift of
polymer Mp to a higher value, displaying the reversibility
of photocycloaddition process.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

This work was supported by the Bogazici University Research
Foundation [grant number 13B05D3].

References

[1] Becker HD. Unimolecular photochemistry of anthracenes.
Chem Rev. 1993;93:145-172.

[2] Bouas-Laurent H, Castellan A, Desvergne JP, et al.
Photodimerization of anthracenes in fluid solution:
structural aspects. Chem Soc Rev. 2000;29:43-55.



522

(3]

(5]

(7]

[10]

(11

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

(& C.0ZGUC ONAL ANDT.NUGAY

Bouas-Laurent H, Castellan A, Desvergne JP, et al.
Photodimerization of anthracenes in fluid solutions: (part
2) mechanistic aspects of the photocycloaddition and of
the photochemical and thermal cleavage. Chem Soc Rev.
2001;30:248-263.

Van Damme J, Vlaminck L, Van Assche G, et al. Synthesis
and evaluation of 9-substituted anthracenes with potential
in reversible polymer systems. Tetrahedron. 2016;72:4303—
4311.

Jones JR, Liotta CL, Collard DM, et al. Photochemical cross-
linking of poly(ethylene terephthalate-co-2,6-anthracene
dicarboxylate). Macromolecules. 2000;33:1640-1645.
Bratschkov C, Karpuzova P, Millen K, et al. Synthesis
and photochemical transformations of an anthracene
containing  methacrylic  copolymer.  Polym  Bull.
2001;46:345-349.

Trinh XA, Fukuda J, Adachi Y, et al. Effects of elastic
deformation on phase separation of a polymer blend
driven by a reversible photo-cross-linking reaction.
Macromolecules. 2007;40:5566-5574.

Lopez-Vilanoval, Martinezl, CorralesT, etal. Photochemical
crosslinking of poly-(ethylene-butyl-acrylate) copolymers
functionalized with anthracene moieties by reactive
extrusion. Eur Polym J. 2014;56:69-76.

Van Damme J,Van Den Berg O, Brancart J, et al. Anthracene-
based thiol-ene networks with thermo-degradable
and  photo-reversible  properties. Macromolecules.
2017;50:1930-1938.

Wells LA, Furukawa S, Sheardown H. Photoresponsive PEG-
anthracene grafted hyaluronan as a controlled-delivery
biomaterial. Blomacromolecules. 2011;12:923-932.

Yu B, Jiang X, Yin J. Responsive fluorescent core-crosslinked
polymer particles based on the anthracene-containing
hyperbranched poly(ether amine) (hPEA-AN). Soft Matter.
2011;7:6853-6862.

Rameshbabu K, Kim Y, Kwon T, et al. Facile one-pot
synthesis of a photo patternable anthracene polymer.
Tetrahedron Lett. 2007;48:4755-4760.

Connal LA, Vestberg R, Hawker CJ, et al. Fabrication of
reversibly crosslinkable, 3-dimensionally conformal
polymeric microstructures. Adv Funct Mater.2008;18:3315-
3322.

RadISV,Roth M, Gassner M, etal.Photo-induced crosslinking
and thermal de-crosslinking in polynorbornenes bearing
pendant anthracene groups. Eur Polym J. 2014;52:98-104.
Manhart J, Ayalur-Karunakaran S, Radl S, et al. Design and
application of photo-reversible elastomer networks by
using the [4ms+4ns] cycloaddition reaction of pendant
anthracene groups. Polymer. 2016;102:10-20.

Froimowicz P, Frey H, Landfester K. Towards the generation
of self-healing materials by means of a reversible
photo-induced approach. Macromol Rapid Commun.
2011;32:468-473.

Radl S, Kreimer M, Griesser T, et al. New strategies towards
reversible and mendable epoxy based materials employing
[4ns+4ms] photocycloaddition and thermal cycloreversion
of pendant anthracene groups. Polymer. 2015;80:76-87.
Zheng Y, Micic M, Mello SV, et al. PEG-based hydrogel
synthesis via the photodimerization of anthracene groups.
Macromolecules. 2002;35:5228-5234.

Chujo Y, Sada K, Nomura R, et al. Photogelation and
redox properties of anthracene-disulfide-modified
polyoxazolines. Macromolecules. 1993;26:5611-5614.

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

Coursan M, Desvergne JP, Deffieux A. Reversible
photodimerisation of w-anthrylpolystyrenes. Macromol
Chem Phys. 1996;197:1599-1608.

Goldbach JT, Russell TP, Penelle J. Synthesis and thin
film  characterization of poly(styrene-block-methyl
methacrylate) containing an anthracene  dimer
photocleavable  junction  point. = Macromolecules.
2002;35:4271-4276.

Ushiki H, Hirayanagi K, Sindo Y, et al. Molecular-
weight dependence of intramolecular end-to-end
photodimerization rate of a, w-dianthryl-polystyrene in
dilute solution. Polym J. 1983;15:811-819.

Tung CH, Wu LZ, Yuan ZY, et al. Zeolites as templates for
preparation of large-ring compounds: intramolecular
photocycloaddition of diaryl compounds. J Am Chem Soc.
1998;120:11594-11602.

Okada M, Harada A. Poly(polyrotaxane): photoreactions
of 9-anthracene-capped polyrotaxane. Macromolecules.
2003;36:9701-9703.

Wang H, Zhang L, Liu B, et al. Synthesis of high molecular
weight cyclic poly(e-caprolactone)s of variable ring size
based on a light-induced ring-closure approach. Macromol
Rapid Commun. 2015;36:1646-1650.

Yamamoto T, Yagyu S, Tezuka Y. Light- and heat-triggered
reversible linear-cyclic topological conversion of
telechelic polymers with anthryl end groups. J Am Chem
Soc.2016;138:3904-3911.

Caldérara F, Hruska Z, Hurtrez G, et al. Synthesis of
chromophore-labelled polystyrene/poly(ethylene oxide)
diblock copolymers. Makromol Chem. 1993;194:1411-
1420.

Ni S, Juhué D, Moselhy J, et al. Energy-transfer studies of
donor-acceptor-labeled  polystyrene-block-poly(methyl
methacrylate)  diblock  copolymers in  solution.
Macromolecules. 1992;25:496-498.

Caldérara F, Hruska Z, Hurtrez G, et al. Investigation
of polystyrene-poly(ethylene oxide) block copolymer
micelle formation in organic and aqueous solutions
by  nonradiative energy transfer  experiments.
Macromolecules. 1994;27:1210-1215.

Tcherkasskaya O, Ni S, Winnik MA. Energy transfer studies
of binary block copolymer blends. 1. Effect of composition
on the interface area per chain and the lamellar size.
Macromolecules. 1997;30:2623-2632.

Moon B, Hoye TR, Macosko CW. Anionic synthesis and
detection of fluorescence-labeled polymers with a
terminal anhydride group. J Polym Sci Part A Polym Chem.
2000;38:2177-2185.

Tong JD, Ni S, Winnik MA. Synthesis of polyisoprene-
b-polystyrene block copolymers bearing a fluorescent
dye at the junction by the combination of living anionic
polymerization and atom transfer radical polymerization.
Macromolecules. 2000;33:1482-1486.

Tong JD, Zhou C, Ni S, et al. Synthesis of meth(acrylate)
diblock copolymers bearing a fluorescent dye at the
junction using a hydroxyl-protected initiator and the
combination of anionic polymerization and controlled
radical polymerization. Macromolecules. 2001;34:696-
705.

Kos T, Strissel C, Yagci Y, et al. The use of the DPE radical
polymerization method for the synthesis of chromophore-
labelled polymers and block copolymers. Eur Polym J.
2005;41:1265-1271.



[35]

(36]

[37]

Hadjikyriacou S, Fodor Z, Faust R. Synthetic applications
of nonpolymerizable monomers in living cationic
polymerization: ~ functional  polyisobutylenes by
end-quenching. J Macromol Sci Pure Appl Chem.
1995;A32:1137-1153.

Feldthusen J, Ivan B, Miller AHE. Stable carbanions
by quantitative metalation of cationically obtained
diphenylvinyl and  diphenylmethoxy = compounds:
new initiators for living anionic polymerizations.
Macromolecules. 1997;30:6989-6993.

Charleux B, Moreau M, Vairon JP, et al. Model kinetic study
of TiCl,-induced ionization of polyisobutylene capped
with diphenylethylene application to the synthesis of
block copolymers. Macromol Symp. 1998;132:25-35.

[38] Takacs A, Faust R. Synthesis of poly(isobutylene-b-

(39]

[40]

[41]

[42]

methyl methacrylate) copolymers by the combination of
living carbocationic and group transfer polymerization.
Macromolecules. 1995;28:7266-7270.

Feldthusen J, Ivan B, Miller AHE. Synthesis of linear
and star-shaped block copolymers of isobutylene and
methacrylates by combination of living cationic and anionic
polymerizations. Macromolecules. 1998;31:578-585.
Hadjikyriacou S, Faust R. Amphiphilic block copolymers by
sequential living cationic polymerization: synthesis and
characterization of poly(isobutylene-b-methyl vinyl ether).
Macromolecules. 1996;29:5261-5267.

Feng D, Higashihara T, Cheng G, et al. Block copolymers by
the combination of cationic and anionic polymerizations
for biomedical applications. Macromol Symp. 2006;245-
246:14-21.

Feng D, Higashihara T, Faust R. Facile synthesis of
diphenylethylene end-functional polyisobutylene and
its applications for the synthesis of block copolymers
containing poly(methacrylate)s. Polymer. 2008;49:386-393.

[43]

[44]

[45]

[46]

[47]

[48]

[49]

DESIGNED MONOMERS AND POLYMERS . 523

Wang B, Mishra MK, Kennedy JP. Living carbocationic
polymerization XIl. Telechelic polyisobutylenes by a
sterically hindered bifunctional initiator. Polym Bull.
1987;17:205-211.

Kennedy JP, Erdodi G, inventors; The University of Akton,
assignee. Method for the synthesis of low cost initiators
for telechelic polyisobutylenes. United States patent U.S.
8,889,926 B2.2014 Nov 18.

Quirk RP, Wang SF, Foster MD, et al. Synthesis of cyclic
polystyrenes using living anionic polymerization and
metathesis ring-closure. Macromolecules. 2011;44:7538-
7545.

Kricheldorf HR. Cyclic polymers: synthetic strategies
and physical properties. J Polym Sci Part A Polym Chem.
2010;48:251-284.

Schulz M, Tanner S, Bargawi H, et al. Macrocyclization of
polymers via ring-closing metathesis and azide/alkyne-
“click”-reactions: an approach to cyclic polyisobutylenes. J
Polym Sci Part A Polym Chem. 2010;48:671-680.
Hogen-Esch TE. Synthesis and characterization of
macrocyclic vinyl aromatic polymers. J Polym Sci Part A
Polym Chem. 2006;44:2139-2155.

Hargreaves JS, Webber SE. Photophysics of anthracene
polymers: fluorescence, singlet energy migration, and
photodegradation. Macromolecules. 1984;17:235-240.

[50] Trenor SR, Long TE, Love BJ. Photoreversible chain

[51]

[52]

extension of poly(ethylene glycol). Macromol Chem Phys.
2004;205:715-723.

Ling J, Rong MZ, Zhang MQ. Coumarin imparts repeated
photochemical remendability to polyurethane. J Mater
Chem. 2011;21:18373-18380.

Dabestani R, Ellis KJ, Sigman ME. Photodecomposition of
anthracene on dry surfaces: products and mechanism. J
Photochem Photobiol A Chem. 1995;86:231-239.



	Abstract
	Introduction
	Experimental
	Materials
	Synthesis of 1-(2-anthryl)-1-phenylethylene (APE)
	Synthesis of 5-tert-butyl-1,3-bis(2-chloro-2-propyl)benzene (t-Bu-m-DiCumCl)
	Synthesis of di-anthryl telechelic polyisobutylene
	UV irradiation experiments
	Characterization

	Results and discussion
	Conclusions
	Disclosure statement
	Funding
	References



