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Abstract

Organo-soluble tetraphenylethylene derived monalayetected gold nanorods were
prepared and characterized. The prepared gold odsorcovered with
tetraphenylethylene thiol via the strong covalent-& linkage were found to be
soluble and stable in organic solvents. The subetssol exchange and modification
of tetraphenylethylene derivative molecules on gudthorods were confirmed from
UV-Vis, Raman and FT-IR spectra. The gold nanoredtse found to have a
guenching effect on the aggregation-induced emmssidhe tetraphenylethylene thiol
molecule modified on their surfaces.

Keywords. Gold nanorod; Tetraphenylethylene; Monolayer; Aggtion-induced

emission (AIE); Hybrid



1. Introduction

Nowadays, gold nanorodsGRNRs) have attracted wide attention due to their
anisotropic property and distinguishing surfacespian resonanceSPR) [1-11].
GNRs usually have more distinguished physical propsriparticularly for their
tunable absorption in the visible and near IR regwhich are quite different from the
widely investigated spherical gold nanoparticl€&NPs) [12]. GNPs have many
promising applications in the areas of optics [B3-Isensors [16-18], biological
imaging [19-21] and anticancer agents [22, 23].iludw, GNRs have mainly been
prepared in agueous medium via the seed-mediatedtlymethod [24-26], in which
a surfactant cetyltrimethylammonium bromid&T(AB) was used as a shape-directing
surfactant along their longitudinal axis to fornbitayer CTAB structure around the
sidewall of GNRs and with their two ends free fro@TAB. The resultanGNRs are
water-soluble due to the protection of the surfac@T AB. However, theGNRs
protected by the bilaye€TAB structure are not very stable due to the fact tihat
dynamic CTAB layers can leave th&NR surface and result in the irreversible
aggregation oGNRs into gold clusters. In addition, tl&T AB molecules are toxic to
proteins, tissues and biological cells, which Isnibeir potential applications. It is
well established that thiol molecules can form sfr@ovalent S-Au bonds with the
surface ofGNRs and the resultanfGNRs may readily disperse in organic solvents,
which would provide a superior method to tune thapprties oilGNRs and enrich the
application of GNRs. So far, only a few examples of thiol monolayentpcted

GNRs have been reported because the preparation of-ntimioolayer-protected



GNRswas challenging [27-30].

Monolayer protectedGNRs are fascinating hybrid materials composedcdRs
protected by an organic molecule monolayer, whalties the problem limited by the
CTAB protecting layers. Great interest in the researdhe GNR field continues to
be drawn to focus on buildingNRs protected by functional organic molecules. It is
well known that modifying the chemical compositioh GNR surfaces provides a
versatile means to expand their various functitmshese cases, thiol molecules may
exhibit superior stability compared with t AB molecules when they formed the
strong covalent S-Au linkage witBNRs. Moreover, the thiol monolayer-protected
GNRs may exhibit excellent solubility in organic soltsrand distinguished surface
functions [31-34]. However, it is noteworthy to poout that the exchange process of
CTAB with lipophilic thiol molecules is not so easy @ntheCTAB molecules on
the surface ofGNRs are densely packed, which would make the thioletudes
difficult to access the gold surface to bind on ¢fodd surface via a strong covalent
Au-S linkage [28-32]. Not only that, the thiol moldes are attached onto the ends of
GNRs primarily during the exchanging process [35, 36ts their two ends are free
from CTAB and the thiol molecules would replace the lat&BAB molecules with
the extension of time. Without doubt, the preparatof these hybrid materials
composed oGNR and organic molecules and tuning their propesxtieald open the
door to more fascinating applications@RNRs in the area of materials.

Aggregation-induced emissionAKE) is a rapidly growing, fascinating and

challenging scientific area and has been intengigtlidied by Tang since 2001



[37-40]. Tetraphenylethylend PE) derivatives with their notablAIE performance
have many applications [41-47]. In this work, T&PE derivatives containing
compound  10-(4-(1,2,2-triphenylvinyl)phenoxy)decdnthiol (TPPT) was
synthesized through a series of chemical reactionkiding McMurry reaction,
Williamson reaction and hydrolysis reactiohPPT was used to protect the entire
surface of Gold nanorod via strong covalent S-Andbfwor the first time (Fig. 1). The
preparedGNR hybrids were stable in the organic solvent sucheashydrofuran
(THF) without aggregation or decomposition and the sssful modification on the
surface of Gold nanorods was demonstrated via W/-Raman and FT-IR spectra.
The gold nanorods were found to exhibit a quenchiifect on theAl E fluorescence

emission of thd PPT molecule modified on their surfaces.

Fig. 1 Schematic preparation ®@PPT monolayer protected gold nanorod$sNRs).

Fig. 2 Synthesis route of compoufidPPT.

2. Experimental

2.1 General information

Benzophenone, 4-hydroxybenzophenone, 1,10-dibrocaode CTAB and all the
solvents were commercial available and used withartiher purification*H and**C
NMR spectra were measured on a Briker AV-400 spewtter. The electrospray

ionization (ESI) high-resolution mass spectra we&sted on a HP 5958 mass



spectrometer. The UV-Vis absorption spectra wergioed on a Varian Cary 100
spectrometer (1-cm quartz cell was used). Transomsslectron microscopy (TEM)
experiments were done using JEOL JEM-2100 equipnk@mtthe TEM observation,
the samples in aqueous solution were dispersed wmrfds pre-coated with thin
carbon film (Cu-400 CN) and then completely dried &nalysis. The FT-IR spectra
were obtained on Nicolet 380 FT-IR spectrometee, Raman spectra were carried
out on inVia Reflex (Renishaw) spectrometer.
2.2 Synthesis and preparation
2.2.1 Synthesis of PPT (Fig. 2)

4-(1,2,2-triphenylvinyl)phenolTPP) was conveniently synthesizeth a McMurry
reaction in one step [43]. Zinc dust (2.18 g, 33@ol), 4-hydroxy diphenyl ketone
(2.65 g, 8.32 mmol), and benzophenone (1.50 g, &&%l) were added into a
round-bottom flask in that order. The flask wasntlewacuated of air under vacuum
and flushed with dry nitrogen several times. Antoydr THF (80 mL) was then added
into the flask, then the resultant mixture was eddb 0 °C and TiGI(1.88 mL, 16.50
mmol) was slowly added via syringe. The reactiaocpeded at room temperature for
half an hour, and then heated under refluxed for B,CO; solution (10 % aqg.) was
employed to quench the reaction and the solutiaraeted with diethyl ether several
times. The organic layer was combined and washéll lwvine twice. The mixture
was dried with anhydrous sodium sulfate and then dgblvent was removed. The
resulting residue was subjected to column chrommafdy — using

dichloromethane/petroleum ether (v/v 4:1) to gike 4-(1,2,2-triphenylvinyl)phenol



(1.40 g, 4.00 mmol, 50%, melting points: 225~226).°¢&4 NMR (400 MHz,
DMSO-ds) § 9.36 (s, 1H), 7.10 (ddd,= 14.1 Hz, 11.7 Hz, 6.8 Hz, 9H), 6.95 (dd:
13.5 Hz, 7.3 Hz, 6H), 6.74 (d,= 7.6 Hz, 2H), 6.50 (d] = 7.6 Hz, 2H).

TPP (1.00 g, 2.87 mmol), 1,10-dibromodecane (4.314g4 Inmol) and potassium
carbonate (0.59 g, 4.31 mmol) were added into addaottom flask, stirred and
refluxed in CHCN (100 mL) under N atmosphere for 12 h, then cooled to room
temperature. The solution was filteradd the solvent was removed with rotavapor.
Afterwards the crude product was purified on aca#gel column using petroleum
ether/dichloromethane (viv 500:1) as eluent to dyiel
(2-(4-((10-bromodecyl)oxy)phenylethene-1,1,2-itiybenzene BDTB) as a white
solid (0.98 g, 1.73 mmol, 60.1%, melting point: 68~°C).'H NMR (400 MHz,
CDCl) § 7.16 — 6.97 (m, 15H), 6.91 (d,= 8.7 Hz, 2H), 6.62 (dJ = 8.7 Hz, 2H),
3.86 (t,J = 6.5 Hz, 2H), 3.41 () = 6.9 Hz, 2 H), 1.91 — 1.80 (m, 2H), 1.78 — 1.66 (
2H), 1.42 (s, 4H), 1.30 (s, 8HYC NMR (101 MHz, CDG)) § 157.78 (s), 144.17 (d),
140.70 (s), 140.08 (s), 136.00 (s), 132.63 (s), 1B% 131.28 (m), 127.77 (d), 126.39
(d), 113.66 (s), 67.89 (s), 34.22 (s), 32.95 (8)42 (t), 28.87 (s), 28.29 (s), 26.17 (S).
TOF-MS (Fig. S4): [M+H]'=567.2263, found 567.2263. FT-IR (Fig. S5): The
asymmetrical stretching vibration of C-O-C was fdust 1250 cnil. The signal at
1610 cnmi* of BDTB was attributed to the stretching vibration of beme ring. The
signals at 2926 cthof CH, stretching vibration was observed in spectra.

BDTB (0.82 g, 1.44 mmol) and potassium ethanethioa# (g, 6.53 mmol) were

added to a flask containing GEN (100 mL). And then the mixture was cooled to



room temperature after stirred for 12 h underalnosphere. After the solvent being
removed under vacuo, the crude product was extrastth ethyl acetate/}© and
purified on a silica-gel column using petroleumeegftiichloromethane (v/iv 20:1) as
eluent to (10-(4-(1,2,2-triphenylvinyl)phenoxy)d@eyhanethioateTPET) as a white
solid (0.524g, 0.931 mmol, 65%, melting point: 80~& ).*H NMR (400 MHz,
CDCl) 7.14 — 6.98 (m, 15H), 6.91 (d= 8.6 Hz, 2H), 6.62 (d] = 8.7 Hz, 2H), 3.86
(t, J= 6.5 Hz, 2H), 2.86 (] = 7.3 Hz, 2H), 2.32 (s, 3H), 1.77 — 1.66 (m, 2HP8 (s,
14H). 3C NMR (101 MHz, CDGJ) & 196.28 (s), 157.79 (s), 144.18 (d), 140.71 (s),
140.07 (s), 135.99 (s), 132.63 (s), 131.73 — 13(n®8127.77 (d), 126.39 (d), 113.67
(s), 67.91 (s), 30.81 (s), 29.81 — 29.12 (M), 2§9326.18 (s). TOF-MS (Fig. S8):
[M+Na']"=585.2798, found 585.2802. FT-IR (Fig. 4): The signat 1652 ci of
TPET was attributed to the stretching vibration of -G=0he stretching vibration of
benzene ring was found at 1635 tnThe signal at 2921 chof CH, stretching
vibration was observed in spectra.

TPET (0.25 g, 0.45 mmol), hydrazine monohydrochloridd 2 g, 1.78 mmol) and
sodium acetate (0.29 g, 3.55 mmol) were stirrectttugy and refluxed in DMF (30
mL) for 12 h under Bl atmosphere and then cooled to room temperatuter &ie
solvent was removed under vacuo, the crude prodias extracted with ethyl
acetate/HO and purified on a silica-gel column using petnobe
ether/dichloromethane (v/v 20:1) as eluent to ysdtpoundT PPT (0.18 g, 0.346
mmol, 72%).H NMR (400 MHz, CDC}) § 7.12 — 6.98 (m, 15H), 6.91 (d= 8.7 Hz,

2H), 6.61 (dJ = 8.7 Hz, 2H), 3.86 (1] = 6.5 Hz, 2H), 2.68 ({] = 7.4 Hz, 2H), 1.77 -



1.62 (m, 4H), 1.44 — 1.25 (m, 13H).
2.2.2 Preparation 8TAB-GNRs

The CTAB bilayer coatedGNRs were freshly prepared via the seed-mediated
growth method [26]. The method can be divided imto steps. The preparation of
gold seed is as following. 0.01 M solution of HAY@.250 mL) was added into 0.10
M CTAB solution (7.500 mL) in a vial. The solutions wegently mixed and the vial
was lightly inverted several times. At this timeéjet solution showed bright
brown-yellow. Then 0.01 M ice-cold NaBH0.600 mL) solution was added to the
above solution all at once, followed by rapid irsien mixing for 2 min. Care should
be taken to allow the produced gas escape in th@ngniprocess. The solution
appeared a pale brown-yellow color. Then the viaswkept in a water bath
maintained at 25-30 °C for 2 hours. After that tirttee seed solution was prepared
and could be used for a week.

The preparation o€TAB-GNRs is as following. 0.10 MCTAB solution (9.500
mL) was added into an empty vial, then 0.01 M ofudA, (0.400 mL) and 0.01 M
AgNO; (0.060 mL) solution were added into the vial oiyeobe in that order. Then
the solution was gently mixed by the inversion. Bodution developed into bright
brown-yellow. After that, 0.10 M AA solution (0.064L) was added into the above
solution. Once the AA solution was added, the smtubecame colorless. In the end,
seed solution (0.020 mL) was added, and mixed gémtl10 s. Then the vial was left
undisturbed and kept in a water bath maintainingba80 °C for 3 hours.

2.2.3 Synthesis of organic-soludi®PT monolayer-protected GNRs



At first, the solution ofCTAB bilayer coated5NRs was centrifuged for 20 min at
a speed of 12000 rpm for several times to remoeeetttessiveCTAB and other
impurities in the supernatant. Then t8&@ AB-GNRs were dispersed in ultrapure
water (2 mL) and dispersed evenly by sonicationxtNéhe aqueous solution of
CTAB-GNRs was added dropwise to a solution of 60 W@PT in THF (50 mL)
with stirring under the protection of nitrogen. éftthat, the reaction flask was coated
with silver paper and the color of the solution vpasple. The reaction proceeded at
room temperature for 48 hours. Then, the resulf&iNRs solution was centrifuged
for 20 min at a speed of 12000 rpm three timestoave the excessiveTAB and
the TPPT molecules. The resultingGNRs were re-dispersed in THF (50 mL) with
addition of excessTPPT and stirred for another 24 h. Similarly, the react
proceeded underNatmosphere and centrifuged for 20 min at a sp&€a@@00 rpm.
The above procedure was repeated several timesstoeethat th&SNRs were well
encapsulated with thREPPT molecules over the entire surface via the stranglent
S-Au bonds. At last, the mixture was centrifuged amshed with THF several times
until there was no fre€ PPT molecules in the system ®PPT monolayer protected
TGNRs, which could be confirmed from that there was né &bsorption band of
TPPT molecule in the top layer solution. Then tM&PT monolayer protected
TGNRs hybrid was successfully prepared. The resulli@NRs can readily disperse
in THF solution and without obvious aggregatiomhich was evidenced by

transmission electron microscopy (TEM) observaffig. S10).
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3. Resultsand discussion
3.1 Characterization of PPT monolayer-protecteiGNRs

The UV-Vis absorption spectra 8fPPT, GNRs and TGNRs were employed to
confirm the successful preparation ®PPT monolayer-protected GNRs. Fig. 3
shows the two typical absorption peaks at 252 nioh 306 nm corresponding to
TPPT and the two absorption peaks at 517 nm and 76taresponding to the two
SPR absorption bands oGNRs. After the TPPT monolayer protected GNRs
hybrid was successfully prepared, the t88R absorption bands oGNRs had

red-shifts by 54 nm and 39 nm to 571 nm and 800raspectively.

Fig. 3 Absorption spectra of aqueous CTABNRSs (black), TPPT (red, 1.0 x 16 M) and

TGNRs (blue).

The FT-IR spectrum of PET was compared with that farGNRs owing to the
instability of thiol molecules TPPT). The FT-IR spectra off PPT monolayer
protectedT GNRs and TPET are shown in Fig. 4. The similar signals at 2921 of
CH, stretching vibration were observed in both spedfre signals at 1435 ¢hand
1506 cm' of TGNRs were attributed to the stretching vibration ofembene ring. At
the same time, benzene ring showed a charactesigtiof-plane bending vibration at
467 cm'. The signals at 1089 ¢thnof TGNRs were attributed to the asymmetrical
stretching vibration of C-O-C. The FT-IR spectracatevealed the typical stretching

vibration of C-S at 871 cth The comparison of GNRs and TPET in the FT-IR
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spectra above helped to prove the successful nmatidh of TPPT monolayer on the

surface oflGNRSs.

Fig. 4 FT-IR spectra of PET (blue) andl GNRs (red).

Fig. 5 Normalized Raman spectra of CTABNRS (blue) andl GNRs (pink).

The successful modification afPPT molecules on the surface of the GNRs via
strong covalent S-Au linkages could also be eviddntom Raman spectroscopic
data. As shown in Fig. 5, the Raman band of CT@BRs at 162 crit was attributed
to Au-Br band. As expected, the characteristic AbBnd disappeared in the Raman
spectrum of theT GNRs, accompanied with the appearance of new Ramanspeak
especially corresponding to the Au-S band at ardig&lcm [30, 32]. The change of
the spectra indicated that the existencel BPT molecular monolayer around the
surface of gold nanorods and no CTAB molecules meataon the surface of the

TGNRs.

Fig. 6 Fluorescence intensity changes by gradually cimgngie ratio of THF and #© in the

solution of (a)TPPT and (b)T GNRs (Excited at 310nm).

It is well known to all that the tetraphenylethyel PE) derivatives have a

remarkable aggregation-induced emissi®iH) property. As seen in Fig. 6a, the
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fluorescence emission intensity GiPPT at 365 nm declined gradually when
increasing the proportion of water in the solutainTHF. While a new fluorescence
emission band at 476 nm appeared when dissolvengRRT in pure water. This was
a typical AIE emission band of th&PPB, which was induced via a restricted
intramolecular rotation (RIR) mechanism &PPT molecules. Specifically, the
hydrophobic TPPT molecule aggregated in water, restricting the tiamtaof the
phenyl units ofT PPT thus inducing the strong fluorescence emissioh wited-shift
by about 111nm [37-40]. The emission band T@6NR (Fig. 6b) at 365 nm
corresponding td PPT showed a blue-shift to 352 nm, as a result ofdheation of
TGNR. The same experimental methods were conductedhéoTGNR, the
fluorescence intensity of PPT at 352 nm declined gradually when increasing the
proportion of water in the solution of THF, whichasvsimilar with the situation of
TPPT. The only difference was that there was no anyiauss AIE fluorescence
emission band in the range of longer wavelengttheffluorescence spectrum when
dissolving theT GNR into the pure water, the reason of which mightHaze theGNR
guenched the AIE (emission band at 476 nm)BPT fluorophore connected on its
surface due to the electron transfer interactiomfthe Gold nanorods to tAePPT
molecules very close on their surface [48].
4. Conclusion

In summary, we have successfully fabricated noegtaphenylethyleneTPE)
derivative monolayer-protected Gold nanord@NRs on the entire surface G&NRs

via S-Au covalent linkages. The hybrfdsNRs were stable in organic solvents and
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without obvious aggregation. Besides, this hybriibveed quenching the AIE
fluorescence emission of the tetraphenylethyl@feE( derivatives. Construction of
hybrid materials involving Gold nanorods remaingllgnging and employing these

hybrid materials as smart materials are in progress
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Figure Captions:

Fig. 1 Schematic preparation ®@PPT monolayer protected gold nanorod$NRs).

Fig. 2 Synthesis route of compoufidPPT.

Fig. 3 Absorption spectra of aqueous CTABNRSs (black), TPPT (red, 1.0 x 16 M) and

TGNRs (blue).

Fig. 4 FT-IR spectra oTf PET (blue) andl GNRs (red).

Fig. 5 Normalized Raman spectra of CTABNRS (blue) andl GNRs (pink).

Fig. 6 Fluorescence intensity changes by gradually cimgngie ratio of THF and #0 in the

solution of (a)TPPT and (b)T GNRs (Excited at 310 nm).
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Fig. S10 TEM image of GNRs.
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Highlights

1. Tetraphenylethylene monolayer protected Gold nanorod was successfully
prepared.

2. Modification of Gold nanorod was confirmed by UV-Vis, Raman and FT-IR
spectra.

3. Gold nanorods quenched the  aggregation-induced emission  of

tetraphenylethylene.



