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Abstract. We present a joint theory-experiment study investigatiegexcitonic absorption
of spiropyran-functionalized carbon nanotubes. The fonetization is promising for
engineering switches on molecular level, since spiropycam be reversibly switched between
two different conformations inducing a distinguishabled aneasurable change of optical
transition energies in the substrate nanotube. Here, wesslthe question whether an optical
read-out of such a molecular switch is possible. Combirtiegdensity matrix and the density
functional theory, we first calculate the excitonic absiptof pristine and functionalized
nanotubes. Depending on the switching state of the attacteécule, we observe a red-
shift of transition energies by about 15 meV due to the cagplf excitons with the
molecular dipole moment. Then, we perform experiments oraagthe absorption spectrum
of functionalized carbon nanotubes for both conformatioithe spiropyran molecule. We
find a good agreement between the theoretically predictdadegperimentally measured red-
shift confirming the possibility for an optical read-out bétnanotube-based molecular switch.
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1. Introduction

The adsorption of molecules to the surface of carbon namgstes is moving more and
more into the focus of current research [1, 2, 3, 4, 5, 6, 7,,8.0 11, 12, 13]. The
functionalization of graphene and carbon nanotubes (CNds3isting of a single atom layer
IS a promising strategy to create new hybrid systems wittindisand externally controllable
properties. In particular, the functionalization of CNT&wphotochrome molecules, such as
spiropyrans and azobenzenes, has sparked a large intetegthi fundamental research and
industry, since the arising hybrid nanostructures can péérd for engineering switches on
molecular level as well as high-efficiency photo-detectoith a tunable wavelength range
[14, 2,5, 7, 8, 10, 11, 12, 13]. First experiments have bealized illustrating a successful
covalent and non-covalent functionalization of carbonatabes with spiropyran molecules
[2, 5, 11]. In particular, Guo et al. have shown that spirapymolecules can be used to
externally and reversibly switch the conductance of a aarinotube transistor [5].

There are few theoretical studies investigating the prggseiof CNTs functionalized
with photochrome molecules [8, 10, 15]. However, the keydesigning and engineering
novel devices based on hybrid nanostructures is a bettepstiapic understanding of the
interaction between the adsorbed molecule and the substasotube. In a previous work
addressing the change in absorption spectra of spirogyrastionalized CNTs, we have
investigated different functionalization regimes. Oulcao&ations have revealed a red-shift
of transition energies in the range of 30 meV depending iriqdar on the molecular
dipole moment and its orientation [13]. In this work, we meaisa joint theory-experiment
study investigating the excitonic absorption of spiropyfanctionalized CNTs. We extend
the theoretical model performing ab initio calculation & geometrical relaxation of the
adsorbed molecule on the surface of the CNT. This allows es&otly determine the dipole
moment of the entire hybrid nanostructure including iteptation with respect to the CNT
axis. The resulting theoretical absorption spectrum otfimalized carbon nanotubes is
compared with corresponding experimental observations.

2. Theoretical approach

In this work, we focus on non-covalently functionalized lwam nanotubes, where the
influence of the attached spiropyran molecule on the eleictsgiructure of the substrate CNT
is small, i.e. the band structure and the wave function rerapproximately unchanged [3].
As aresult, itis sufficient to investigate the behavior ofiat;me CNT located in a static dipole
field induced by the attached molecules. Our approach isdbase combination between
the density matrix (DM) and the density functional theoryF{D. The DM formalism is
exploited to microscopically determine the excitonic apsion coefficienta (w) for arbitrary
functionalized CNT. The DFT is applied to perform a geonealrrelaxation of the adsorbed
molecule on the surface of the substrate nanotube and tondeegethe functionalization
parameters, such as the dipole moment, the dipole orientand the molecule distance from
the CNT surface. These parameters are needed for the dedoubd o (w) within the DM
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Figure 1. a) Spiropyran-functionalized exemplary (10,0) zigzagboar nanotube. The
attached molecule can be reversibly switched between tlea operocyanine (MC) and
the closed spiropyran (SP) conformation. The switchingcess is induced by visible
and ultraviolet light, respectively. b) Schematic bandicire of a CNT illustrating the
inhomogeneous transitiorgy; and the microscopic polarizatiqn = o,y

theory. Note that in this work we study the exciton-dipoleemaction for a relatively small
molecule density on the surface of the CNT making sure thexietlare no inter-molecular
overlap effects.

The spiropyran molecules can be reversibly switched betwiee open merocyanine
(MC) and the closed spiropyran (SP) conformation. The spwading ring-opening/ring-
closing process is driven by visible and ultraviolet liglespectively, cp. Fig. 1la. It induces a
significant change of the molecular dipole moment enablingdernally stimulable coupling
between the excitons in the CNT and the external dipole manfena result, depending on
its conformation, the attached molecule accounts for angdjsishable and measurable change
of the carrier mobility and the optical transitions in thdéstrate CNT.

The first step in our approach is the description of the maaryigde Hamilton operator

H=H=Hp+Hct+Hcc+Hcd, (1)

which determines the dynamics of an carrier system destiilye (i) the free-carrier part
Ho =3¢ a,*aI with the electronic band structugg [16, 17] and the ladder operatom$

and g , which create and annihilate an electron in the state (k,A) consisting of the
momentumk along the CNT axis and the subband index(ii) the coupling with a semi-
classical electromagnetic field. 1 = iﬁ% Y1, M, -A(t)aﬁlaI2 with the optical matrix
elementM,_ |, [18, 17, 19] and the vector potentiAlt), (iii) the carrier-carrier interaction
Hee = %z,lJst’uV'l"Z a,*laﬁzaua\|3 with the Coulomb matrix elemel’v.'l'sl’itl2 [20, 19, 28],

13,14
and (iv) the carrier coupling to the external molecular t&ponoment

Hed = Igzgmz U )

with the carrier-dipole coupling element;, = (W, (r)|eoq@(r)|¥),(r)) with the zone-folded
tight-binding wavefunctions’; (r) and the dipole potentiay(r) = Fl%j'f[;;d; [13]. The
external dipole field depends on the dipole momanits orientationa with respect to the

CNT axis, and its distand®y from the CNT surface. These parameters are determinedwithi
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ab-initio calculations performed within the SIESTA pac&dg81, 22] including the recently
implemented Van der Waals exchange-correlation functif2#s]. The calculation of the
microscopic dipole moment of a fully relaxed spiropyrane anerocyanine-functionalized
carbon nanotube is based on a recent technique considemiteg@NTs built up by unit cell
with Clar sextet edges terminated with hydrogen atoms [Z#]s approach explicitly takes
into account the interaction between the carriers in the @\I'the molecular dipole moment
leading to the induction of an polarization at the surfac¢éheftube and resulting in a clear
reduction of the initial molecular dipole moment. The distavill be published in a future
publication [25]. We obtaiyc_cnt = 9.7 D for merocyanine- andsp_cnt = 5.0 D for
spiropyran-functionalized CNTs. The corresponding dagan of the dipole moment with
respect to the CNT axis is given by the angigc_cnt = 10.8° andasp_cnt = 32.8° [25].
The distance of the attached molecule to the CNT surfaceendiy the Van der Waals radius.
Once we have determined the Hamilton operator includingrthgix elements and the
functionalization parameters, we can apply the Heisenbgugtion of motion [26] and derive
many-particle Bloch equations for arbitrary hybrid nanestures [13]. They consist of a
coupled system of differential equations for the occupaﬁmbabilitiespé = (a)fka)\k) and
the microscopic polarizatiopy = (a,.a,). Which is a measure for the transition probability
between the valence\ (= v) and the conduction band (= ¢), cp. Fig. 1b. Since we are
interested in describing a linear absorption spectrumdtiheng field is considered to be
small resulting in a negligible change of the occupation.aAsgsult, the optical response is
determined only by the microscopic polarization, i.e. thea@ption coefficient is given by

o (w) O wimy(w ZM"C Impk ). (3)

The coupling between the excitons in the CNT and the extanwécular dipole moment
couples the microscopic polarization to the mhomogenefalmsnlonsall’ck (avklack2> with
a momentum transfeék; —ky), cp. Fig. 1b. The dynamics mfll’sz is given by

R ; VC F O ; cC ~VC W ~VC
ﬁaklkz —1(Eky — 1Y) Oy +1 Qi — 1 g(gkzk’ Ok — kg Oy (4)

where &q, = (Ek, — &uq) — Sk Ve—e(K' ki, ko) is the band gap energy renormalized
due to the repulsive electron-electron contributidgn (k' ki, kz) and wheref)k(t) =
e'ﬁﬁMc\,(k)A(t)cSli(z — S Ve_n(K, ki, ko) pr (t) is the Rabi frequency renormalized due to
the attractive electron-hole interactid (k', ki, kp). For more details on the analytic
calculation of the Coulomb matrix elements using tightelang wave functions and applying
a regularized Coulomb potential see Refs. [27, 20, 28]. &liimiting case ofk; = ko,
(4) contains the contribution of the microscopic polai@atp, = gy, which turns out to
be crucial for the dynamics Qfﬁlsz- The phenomenological parametein (4) influences
the peak width in the absorption spectrum accounting for dbphasing by scattering
contributions beyond the Hartree-Fock approximation.
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3. Experimental approach

In order to non-covalently attach the spiropyran-basedcévio the CNT sidewall, we exploit
a compound already used in [29]. It consists of of a pyrergnfient (which has been proven
to efficiently stick on the nanotubes sidewalls [30]) atetttas an anchoring group to the
spiropyran moiety via a flexible linker. The structure of teenpound as well as its chemo-
physical characterization can be found in Ref. [29]. CoMdQG#anotubes, produced by
SouthWest NanoTechnologies (SWeNT, SG 76), all belongithe same production batch
were used for this experiment. The tubes have a diameter®f#{0.3) nm and a high aspect
ratio (1000). THF suspensions of our switching compouncevpeepared setting the molarity
to 5 uM. The solution was transparent and exhibited no absorjtitre visible. This implies
that for THF at room temperature the switch was stable initigeclosed spiropyran form. As
a matter of fact, for the used solvent at the RT, there is nd pégisible light illumination in
order to induce the mero-to-spiro back isomerization, askthetics of the thermally driven
back-isomerization takes place over a timescale compatabihe light induced one. [29]
Therefore, in the experiment performed in this work, we tleet sample in darkness in order
to induce the mero-to-spiro back-isomerization. In ordezampare to the theory and get the
spectra of "pristine” tubes , we exploited 4-(1-Pyrenytjic acid (PBA, CAS n.3443-45-6),
which shares the same properties of our switching compapatt from the obvious lack of
the spiropyran switching moiety attached to its end.

CoMOoCAT tubes were added to the solution with a starting eatration of 0.01 g/L.
We treated the mixture with a tip sonicator (Bandelin SonsRHD 2070) at a power of
60 W and cycles of 0.5 s. After one hour the suspensions werifoged (Hettig Mikro
220R centrifuge) at 3500 g at 22 for 60 min. The collected supernatant was used for the
experiments. UV light source for inducing the dipole switghdynamics was a hand-held
UV lamp emitting at 365 nm. UV/Vis measurements were peréstrwith the Evolution
Array Spectrophotometer by Thermo-Fisher, wavelengtge&v0-1100 nm.

4. Excitonic absorption spectra

First, we apply the introduced theoretical approach tord@tee the excitonic absorption
coefficient a(w) for the exemplary pristine (10,0) zigzag carbon nanotubehen] we
calculate the spectrum of the same nanotube after the funadization with spiropyran- and
merocyanine molecules, respectively. The Bloch equatigs)iis evaluated within the Runge
Kutta algorithm to obtain the temporal dynamics of the mscapic polarizationp(t) and the
inhomogeneous transitiog}, (t). Once we have these quantities, we can easily determine
a(w), cp. (3).

Figure 2 illustrates the energetically lowest transiti@is in the absorption spectrum
of the (10,0) nanotube before and after the functionabrati The absorption peak has
a Lorentzian shape reflecting the excitonic character oftthesition. Furthermore, the
calculations predict a red-shift of the transition energyhie spectra of functionalized CNTSs.
This shift strongly depends on the molecular dipole momeuat igs orientation. Inserting
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Figure 2. Theory: Excitonic absorption spectrum of the pristine rgpyran- (SP-CNT),
and merocyanine-functionalized exemplary (10,0) zigzagptube (MC-CNT) illustrating the
energetically lowest transitioR;;. The MC-CNT shows a clear red-shift of the transition
energy due to the strong exciton-dipole interaction. Thecspm of the SP-CNT is only
slightly changed in comparison to the pristine nanotubaltieg in a difference of about 10
meV between the transition energies in the spectrum of M@- $P-functionalized carbon
nanotubes.

the values obtained within ab initio calculations [25], wsain a red-shift of approximately
15 meV for merocyanine- and &f 5 meV for spiropyran-functionalized CNTs. As a result,
there is a difference of about 10 meV between MC- and SP-CNip$ying the possibility of
an optical read-out of spiropyran-based molecular swgdmeCNT substrates. The observed
red-shift is due to the coupling of excitons in the CNT witle timolecular dipole moment.
The strength of this interaction is given by the matrix eletg, |,. Figure 3 shows the
intraband matrix eIemerngA, as a function of the momentum transtefor an exemplary
k' = 0. We chose the dipole moment and the dipole orientation f@r lind SP-CNTs as
obtained within ab initio calculations [25]. We observe aarly stronger matrix element
in the case of nanotubes functionalized with merocyaninkeoutes reflecting their larger
dipole moment. The strength and in particular the shapeeotthupling element also depend
on the dipole orientatior with respect to the CNT axis. The dashed lines in Fig. 3 show
the two limiting cases of parallelr(= 0°) and perpendiculara( = 90°) orientation. For
parallel dipoles, we observe that the coupling is zero focesses with vanishing momentum
transfer, whereas for perpendicular dipoles the coupkaghes its maximal value f&r= 0.
This behavior reflects the dumbbell-like shape of the dipaential. As a result, to obtain
a maximal red-shift in the absorption spectrum, it would Heamtageous to influence the
orientation of the molecular dipole moment in the direcfp@mpendicular to the CNT axis.
Now, we experimentally measure the absorption spectrum shraple of carbon
nanotubes before and after the functionalization withagpiran molecules, cp. Fig. 4a. For
pristine CNTSs (i.e. coated with PBA) we observe a symmetacehtz-shaped peak at 1.678
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Figure 3. Absolute value of the intraband exciton-dipole couplirmjeénlgﬁk’,‘zo as a function

of the momentum transférfor spiropyran- (SP-CNT) and merocyanine-functionalieadon
nanotube (MC-CNT). The dipole momethtand the dipole orientatioa (with respect to the
CNT axis) are calculated in ab-initio calculations yielgliyc _cnt = 9.7 D, amc_cont =
10.8° anddsp_cnt = 5.0 D, asp_onT = 32.8°. The dashed line shows the coupling element
for the two limiting cases of the paralletr(= 0o) and the perpendiculaa(= 90°) dipole
orientation.

eV suggesting an excitonic transition. Within a PLE map, dentify the (9,4) nanotube to
be predominant in the monitored spectral window [29]. Trenge peak, labeled as SP-CNT
in Fig. 4a, corresponds to the transition energy in (@el) nanotube functionalized with
the dipole switch compound in the spiropyran form. Undertiomous exposure to the UV
radiation, the compound switches from the spiro- to the mfman. The green, labeled as
MC-CNT in Fig. 4a, corresponds to the absorption peak of @weotube coated with the
dipole switch compound in the merocyanine form. Here, we éimdd-shift of the transition
energy by around 6 meV with respect to the pristine CNT. Inast, there is no measurable
change in the case of SP-CNTs. This is in good agreement wittheoretical predictions. In
experiment, the red-shift is quantitatively smaller ptolgaaccounting for a larger molecule-
CNT distance due to anchor molecules used in the processdidnalization. Furthermore,
the molecules will not be perfectly aligned along the CNTface as assumed in ab initio
calculations. The change of the position of the absorpteakmluring the switching dynamics
can be monitored in real-time over a period of time. Figursldws the temporal evolution of
the red-shift, when ultraviolet light is switched on indugithe isomerization of the spiropyran
molecule into the open merocyanine form. We observe a contis increase of the red-shift
reflecting the gradual switching processes of the spirapynalecules. After the light is
switched off and the sample is located in the dark, the backerization is initiated and the
red-shift starts to decrease again. It takes around 10@dsgcontil the molecule is completely
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Figure 4. Experiment: a) Absorption spectrum of the pristine (i.e.ated with PBA),
merocyanine, and spiropyran-functionalized carbon nayex illustrating a red-shift for MC-
CNTs of about 6 meV. The spectrum of SP-CNTs remains bagiocatthanged. b) Temporal
dynamics of the observed red-shift, when ultraviolet lighdwitched on and off inducing the
isomerization between the spiropyran and merocyanine.form

switched back into the closed spiropyran form.

5. Conclusions

In summary, we have theoretically and experimentally itigased the absorption spectrum
of spiropyran-functionalized carbon nanotubes. We olesarved-shift strongly depending
on the conformation of the attached molecule: For the operocganine form, which is
characterized by a large dipole moment, we observe a rédedithe energetically lowest
transition energy by about 15 meV. This shift reflects therattion between the excitons
in the carbon nanotube and the external molecular dipold.fied contrast, in the case of
the closed spiropyran form, the absorption spectrum is shghtly red-shifted reflecting
the smaller molecular dipole moment. This suggests theilgbigsof an optical read-out
of a spiropyran-based molecular switch. Our theoreticatljgtions are in good agreement
with experimental results confirming the predicted redtsini the absorption spectra of
functionalized nanotubes. Furthermore, our calculatisimaw that the observed red-shift
strongly depends on the dipole moment and the dipole otienta As a result, it could
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be optimized with regard to an optical read-out by alignihg molecular dipole moment
perpendicular to the nanotube axis, which yields the seenhglipole-induced substrate-
molecule coupling.
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