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Dopamine surface modification of trititanate nanotubes: 

proposed in-situ structure models 
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Abstract: Two models for self-assembled dopamine on the surface 

of trititanate nanotubes are proposed: individual monomer units 

linked by - stacking of the aromatic regions and mono attached 

units interacting through hydrogen bonding. This was investigated 

through solid state NMR studies and powder X-ray diffraction.  

Introduction 

Surface functionalization is a facile tool to modify the properties 

of nanomaterials. Since it was first reported in 2007, 

polydopamine coatings have gained a lot of research interest in 

a variety of fields and application including biocompatible 

surface modifications1, energy devices2 and nanomaterial 

fuinctionalisation3-5. 

In recent years inorganic nanostructured materials have been 

extensively investigated6,7. Amongst this class of compounds 

TiO2 has received a large amount of attention owing to its 

photocatalytic properties, including high oxidative power and 

long-term stability8,9, which have led to its use in applications 

such as self-cleaning surface coatings. In 1998, Kasuga et al. 

reported the preparation of titania nanotubes10 by the 

hydrothermal treatment of TiO2 with 10m NaOH. These 

nanotubes had a porous structure and high surface area. The 

composition of the nanotubes was subsequently identified as 

trititanate11-14, H2Ti3O7. We recently functionalized the surface of 

trititanate nanotubes with dopamine, imparting recyclable 

photocatalytic properties on the nanotubes15. Dopamine 

promoted electron injection and charge separation, adding 

activity to the system which was lacking on the unmodified 

nanotubes.  

The exact structure of polydopamine is still under debate. Until 

recently it was assumed that the structure was based on an 

open chain polycatechol model, or a polymeric skeleton based 

on 5,6-dihydroxyindole (DHI), the cyclisation product of 

dopamine. Neither of these models were based on solid 

experimental evidence. In 2013 it was reported that 

polydopamine (pda) can be viewed as a mixture of oxidative 

polymerization and physical self-assembly16,17. This results in a 

complex mixture of cyclized and uncyclized polymer conjugates, 

and physical trimer units.  

In these studies investigation of the pda structure was done 

solely on pda, removed from any modified surface. In this paper 

we have investigated the structure of dopamine modified 

trititante nanotubes in situ by solid state NMR and powder X-ray 

diffraction and propose possible modes for self-assembled 

linkages based on the evidence. 

Results and Discussion 

We have previously proposed that dopamine attached to TiNT 
via the enediol –OH groups15, giving increased absorbance in 
the visible range of the spectrum, however the exact nature and 
interaction of dopamine on the surface was not further 
investigated. As shown in Figure 1, dopamine itself exhibits no 
signal between 300 and 800 nm in the UV/vis. Synthesised pda 
exhibits obvious absorbance in this range, as do the modified 
nanotubes (TiNT-dopamine). The TiNT-dopamine shows 
absorbance across the full range and an obvious shoulder from 
400 nm. This has been attributed to excitation into a localized 
state5. There is an obvious colour change after functionalization, 
as can be seen in figure S1. The synthesized polydopamine 
colour is also shown for comparison. This led us to believe there 
may be some polymerization occurring in the dopamine before it 
is attached onto the TiNT surface. This was investigated further 
using solid state NMR and powder X-ray diffraction.   

 
Figure 1. UV-vis spectra of dopamine, pda and TiNT-dopamine. 

 
The 13C solid state NMR spectra of dopamine and TiNT-

dopamine were measured. The peaks in the spectrum of 
dopamine, shown in Figure 2 (a), are assigned as follows: the 
two carbon atoms from the chain (32ppm, 42ppm), and the six 
carbon atoms from the aromatic ring (115ppm, 116ppm, 122ppm, 
131ppm, 142ppm, 145ppm). The two peaks at 142ppm and 
145ppm were assigned to the carbons attached to the OH 
groups16,17. Figure 2 (b) shows the solid state NMR spectrum of 
TiNT-dopamine. From the spectrum, it can be seen that the 
peaks at about 30ppm and 40ppm are similar to that of NMR 
spectrum of dopamine. That means the chain of dopamine is still 
present, and that no or limited cyclization has occurred.  
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A peak shift was observed from 145ppm to 155ppm, which 
was caused by the replacement of C-OH bond by C-O-Ti bond. 
This suggests that the C-OH bonds broke and C-O-Ti bonds 
were formed during the preparation of TiNT-dopamine, resulting 
in dopamine attached through the hydroxyl group to the TiNT 
surface. What's more, the continued existence of the peak at 
145 ppm suggests that mono attached molecules may also exist 
in the sample.  This data supports the FTIR data (Fig S2) 
showing the disappearance of the –OH bending mode after 
funtionalisation, which is of too low resolution to be conclusive in 
itself. 

 

 
Figure 2.  

13
C Solid state NMR spectrum of (a) dopamine and (b) TiNT-

dopamine. 

 
The peak at 131 ppm in the spectrum of dopamine has been 

shifted to 128 ppm upon surface funtionalisation. This peak is of 
great interest. Whilst a peak in this region is seen in the previous 
study by Della Vecchia et al.16, it is not specifically assigned. We 
are proposing two possible structure models which can explain 
the appearance of the NMR spectrum. The first model, show in 
Figure 3 a, has mono attached units interacting by hydrogen 
bonding. This binding mode explains the continued existence of 
the C-OH peak in the spectrum. The second model, in Figure 3 
(b), contains fully attached monomer units interacting through a 
π-π stacking interaction of dopamine units on the TiNT surface. 
The lack of cyclization would tend to indicate that limited 
polymerisation has occurred. The shift from 131 ppm to 128ppm 
can be designated as π-π stacking between the aromatic units, 
causing deshielding and a downfield shift in the signal18. NMR 
studies have also shownπ-π stacking19-24  

In a similar surface modification situation, π-π stacking has 
been shown to occur on tetracene on aluminium oxide substrate, 
resulting in a densly packed monolayer of tetracene covalently 
attached through C-O-Al bonds, and an almost upright 
arrangement of tetracene molecules25. This was investigated by 
synchrotron x-ray reflectivity measurements.  

 
 

 
Figure 3. Proposed structure of dopamine on TiNT surface.. 

 
In order to further investigate the surface arrangement of 

dopamine, powder x-ray diffraction (XRD) was used. - 
stacking has been shown in small and large molecules with the 
stacking26 range from 3-4 Å. XRD studies of melanins and 
polydopamine have shown a characteristic broad peak in this 
range, which has been attributed to the stacking between 
aggregated layers27-29. The XRD pattern of TiNT and TiNT-
dopamine are shown in Figure 3. The peaks for TiNT are 
indexed30 as H2Ti3O7. Upon funtionalisation, a broad peak 
centered at 28 degrees is observed. This corresponds to a d 
spacing of 3.18 Å. This is slightly smaller than that observed in 

pda studies28, however, within the range expected for - 
stacking26. We propose that the surface healing gained from 
funtionailsation with dopamine31 forces the dopamine monomer 

units to be in closer - interaction than would be observed in a 
free polymer. Along with the 13C NMR data, this would tend to 
suggest that the dopamine molecules exist as discreet 
monomers on the TiNT surface. There is also a shift from 25.22 
to 24.2 degrees observed for the (110) peak of H2Ti3O7 of the 
TiNT, which would correspond to a slightly larger d spacing. 
However, the other peaks in the XRD pattern are not altered 
(see Figure S3).   

Pda has previously shown a complex mixed structure, 
however our data suggests that on TiNT surface, the monomer 
units are arranged as discreet units in close contact with each 
other. 
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Figure 4 Powder X-ray diffraction pattern of TiNT and TiNT-dopamine. 

 
 
Transmission electron microscopy (TEM) images in Figure 5 

show (a) TiNT and (b) TiNt-dopamine after modification. As can 
be seen, the TiNT after dopamine modification have a thin 
amorphous coating of 1-2 nm. Through CHN elemental analysis 
and thermogravametric analysis (S4) the amount of dopamine in 
the TiNT-dopamine sample was 4.3 wt%. Assuming a coverage5 
of 19.6 Å2 , then this corresponds to a 13% surface coverage 
(BET surface area of 249.4 m2/g). The internal surface area of 
the nanotube will not be available for functionalization, resulting 
in the observed external surface coating. The existence of a 
dopamine coating on the TiNT is also confirmed by scanning 
electron microscopy and elemental analysis mapping (S5 and 6), 
where the presence of carbon is clearly observed, and is absent 
from the pristine TiNT.  

 

 
Figure 5. TEM images of (a) TiNT and (b) TiNT-dopamine showing thin 

dopamine coating 

 

Conclusions 

In this study we have proposed two modes for self-assembled 
dopamine on the surface of trititanate nanotubes: individual 

monomer units linked by - stacking of the aromatic regions 
and mono attached units interacting through hydrogen bonding. 
This result indicates that pda coatings may involve more 
monomer physical assembly than previously thought, and offers 
an insight into functional use of pda. This thin dopamine coating 
may have applications in multifunctional biocompatible systems. 

 

Experimental Section 

Synthesis of dopamine modified trititanate nanotubes (TiNT-dopamine) 
was carried out following the literature procedure11 , specifically anatase 
TiO2 (1g) was added to 10M NaOH solution (20ml). The resultant slurry 
was transferred to a TEFLON vessel and sealed in an autoclave at 140oC 
for 72 hours.  The white solid was removed and washed with water, 0.1M 
HCl solution, and finally by copious amounts of distilled water until the pH 
value of the effluent was neutral. The surface-modified nanotubes were 
prepared by mixing the solid with 10 wt% of dopamine hydrochloride. The 
suspension was heated at 70oC overnight then washed with water and 
ethanol to remove any excess ligand. Synthesis of pda: Dopamine was 
allowed to oxdize in NaOH solution until it became black. Water was 
removed, leaving a brown/black viscous substance.  
Solid state NMR: 13C NMR spectrums were measured on a Bruker 
Advance III 400 spectrometer equipped with a 4mm H/X DVT probe.  The 
spinning speeds were set at 8kHz. Cross polarization experiment with 

contact time of 1000s. The chemical shifts of the spectra were 
referenced with respect to TMS (0ppm) by using admantane as second 
standard (38.484ppm). For TiNT-dopamine 20480 scans were recorded. 
For pure dopamine 160 scans were recorded. UV-vis spectra were 
measured as powders on an Agilent Cary 300 spectrometer fitted with a 
diffuse reflectance accessory. All Fourier Transform Infrared 
Spectroscopy (FTIR) samples were measured on an Agilent Cary 660 
spectrometer. All of the samples were recorded in a KBr matrix. 
Transmission electron microscopy was carried out on an FEI Tecnai F20 
operating at 200kV. Scanning electron microscope images and elemental 
analysis were carried out on an Agilent 8500 FE-SEM (operating at 1 kV) 
and a JEOL JSM-6510 equipped with a Penta FET Oxford EDX detector 
operating at 25kV respectively. Powder X-ray diffraction was recorded on 

a Bruker D8 advance diffractometer with Cu K at 40 kV and 40 mA.   
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