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A B S T R A C T   

This work demonstrates how photoactive compounds can be used to tune the surface chemistry, surface free 
energy, and the wetting velocity of fluids on Spiropyran functionalized surfaces with different surface micro
structures. Evidence of this photowetting effect is based on data showing: (1) the cyclic changes in the static, 
advancing, and receding contact angles θCA for multiple UV⇄vis photoswitching cycles with both smooth and 
microstructured surfaces and (2) the changes in the fluid wicking velocity (via UV⇄vis photoswitching) on 
different Spiropyran functionalized hemiwicking surfaces. X-ray photoelectron spectroscopy is used to determine 
the efficiency of photoswitching caused by the quality of the Spiropyran functionalization. Reversible photo
isomerization of Spiropyran generates a gradient in surface free energy, resulting in a similar change in contact 
angle (θCA) in the photoswitchable surfaces. By incorporating these changes into the Owens-Wendt and Van Oss 
surface energy models, the energy of smooth Au surfaces can also be predicted for both UV and visible light 
irradiations, where reversible contact angle variations of ΔθCA ≈ 5–10◦ are achieved with both water and water- 
ethanol mixtures due to the conversion of SP to merocyanine, which corresponds to a total free energy change of 
~13% on the photoswitchable surface.   

1. Introduction 

Researchers have studied the dynamics of surface wetting over the 
past century to better understand the interaction between liquids and 
solids [1–2]. Studying these interactions is essential for a variety of 
applications, ranging from biomedical devices to self-cleaning surfaces 
[3–4]. The contact angle (θCA) is a parameter commonly used to char
acterize the wetting behavior and the energetics of the solid/liquid 
interface (Fig. 1). Numerous attempts have been made to model the 
wetting behavior using θCA, most famously through the Young-Dupree 
Equation [5–6]: 

cosθEq =
γsv − γsl

γlv
(1)  

where θEq represents the static or equilibrium contact angle and γlv, γsv 
and γsl are the liquid–vapor, solid–vapor, and solid–liquid interfacial 
surface energies, respectively [6]. It is worth mentioning that the surface 

free energy (γ) and surface tension (σ) were related by Shuttleworth [7] 
through the following equation: 

σ = γ + A
dγ
dA

(2)  

where A is surface area, σ is the surface tension, and γ is the interfacial or 
surface Helmholtz free energy per unit area. For a one-component fluid, 
the dγ/dA term is negligible and, in result, γ and σ are often assumed to 
be equivalent - which is not necessarily accurate, especially for solids. 

The magnitude of θCA is most commonly used to describe the lyo
philicity (θEq < 90) or lyophobicity (θEq > 90) of a surface material. With 
respect to aqueous fluids [8–10], the degree of hydrophilicity or hy
drophobicity is then subsequently used to predict if a surface material is 
suitable for aqueous self-wetting or self-cleaning applications, respec
tively. Fig. 1(a) shows the schematic of a water droplet on a hydrophobic 
surface. The wetting behavior of a surface can also be tuned by surface 
texturing with micro- to nano-scale surface structures [11–13]. To create 
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a self-drying surface, microstructures are used to increase the hydro
phobicity of a naturally hydrophobic surface [14]. Similarly, micro
structures can also be used to increase the hydrophilicity of a naturally 
hydrophilic surface to create a self-wetting surface [15]. Fig. 1(b)–(d) 
illustrate three key fluid wetting behaviors with microstructured sur
faces. A Cassie-Baxter state (Fig. 1(b)) occurs when the microstructures 
of a hydrophobic surface material prevent a fluid from wetting the entire 
surface. For example, the hydrophobic nature of the surface chemistry 
and the gradient of surface energy created by the air pockets in the 
microstructure array will prevent the liquid from reaching/wetting the 
substrate. Instead, the liquid will only rest on top of the microstructures 
[16]. The Wenzel state (Fig. 1(c)) describes a condition where the liquid 
rests within the microstructure array as a droplet but does not spread 
throughout it. This state can occur for both hydrophobic and hydrophilic 
surfaces [17]. Lastly, the hemiwicking state (Fig. 1(d)) describes the 
movement (wicking) of fluid through the surface textures of a hydro
philic surface material induced by a cascading, capillary force effect 
with each microstructure (i.e., each micropillar acts as a fluid pump and 
a fluid droplet can wet a surface beyond its equilibrium wetting length). 
Some common applications for hemiwicking include thermal control 
systems, such as heat pipes [18]. 

While multiple research groups have demonstrated systems that can 
exhibit wetting transitions between the Wenzel and Cassie-Baxter states 
[19–21], an active tuning between the static Wenzel (or Cassie-Baxter) 
state to the dynamic hemiwicking state has yet to be demonstrated. It 
is important to note that the difference between the static and dynamic 
wetting characteristics are dependent on multiple parameters, including 
the advancing and receding contact angles, the geometry of the surface 
texture, the presence of surface energy gradients (intrinsic and/or 
induced), and the absorption kinetics. Nevertheless, the ability to 
actively switch between the Cassie-Baxter, Wenzel, and Hemiwicking 
states will lead to transformative fluidic technologies - especially if the 
wetting state transitions can be controlled by contact-free stimulants 
such as light. 

A variety of approaches have been proposed to control the wetting 
dynamics in different applications by tuning the interfacial properties 
both actively and passively. The use of oxides, for example, has been 
investigated with nucleate boiling heat transfer to increase wetting 
speeds (and, therefore, increase the critical heat flux) in thermal man
agement applications [22–24]. Moreover, external stimuli such as tem
perature [25–27], electricity [28–29], pH [30], and solvent [31] were 
used to modulate the wetting dynamics on various surfaces. For 
example, various methods have been reported to improve the control
lable wettability of TiO2-derived materials and their applications [32]. 
There have also been considerable attempts to tune the wettability with 

organic photochromic compounds (OPC) toward photoswitchable sur
faces (Azobenzene [33–39], Spiropyran (SP) [40–42], and Donor- 
Acceptor Stenhouse Adducts (DASA)) [43]. 

OPCs are a class of photoactive compounds that undergo reversible 
structural transformation of their physicochemical properties (i.e., po
larity and charge distribution) upon light irradiation (photo
isomerization) as an external stimulus [44,45]. For passive applications, 
photoswitching with light is advantageous because it is abundant and 
inexpensive. Moreover, for active applications, the wavelength, power, 
and spatiotemporal characteristics of the light stimulus can be easily 
controlled. Among the OPCs, SP is one of the most used compounds and 
it has been attached to polymers, biomacromolecules, and inorganic 
nanoparticle surfaces [46,47]. 

The main goal of this research is to address the dynamic range of 
tuning thewetting behavior of surfaces functionalized with photoactive 
SP compounds. Variations in the static and dynamic (advancing and 
receding) contact angles are analyzed with both smooth and micro
structured Au surfaces functionalized with SP to access the possibility of 
reversible switching between the static Cassie-Baxter (or Wenzel) state 
and the dynamic hemiwicking state. The wetting behaviors of multiple 
fluids with varying polarity (ethanol-water mixtures) are also studied. 
Based on the variation in surface free energy, these changes are both 
measured and predicted for water, ethanol, and binary water/ethanol 
mixtures. The surface chemistry is modulated by light irradiation, which 
can alter the surface energy and wetting behavior of the photo
switchable Au (SP-SAM). The study provides preliminary results for 
designing microstructured surfaces with tunable surface free energy 
perturbations via the photoisomerization of SPCOOH surface coatings. 

2. Experimental setup 

2.1. Synthesis of SPCOOH 

The synthesis of SPCOOH consists of two steps. In the first step, we 
proposed a new synthesis method for 1-(2-carboxyethyl)-2,3,3-trimetyl- 
3H-indolium bromide, which functions as a SPCOOH precursor. In the 
second step, SPCOOH is synthesized by modifying a literature procedure 
(details are presented in the supplementary information (Scheme S1, 
Fig. S1 and S2)). 

2.2. Creating the microstructured surface 

The change in the wetting behavior is analyzed from contact angle 
experiments with both flat (smooth) Au and microstructured Au sample 
substrates. Commercially available flat Au substrates were obtained 

Fig. 1. A representation of the interfacial forces 
forming the contact angle of a fluid on (a) a flat hy
drophobic surface and (b-d) microstructured surfaces 
for the Cassie-Baxter, Wenzel, and Hemiwicking wet
ting states, respectively. The contact angles depicted 
for the (b) Cassie-Baxter and (c) Wenzel states are the 
apparent contact angles for the textured surface, 
where θCB > θW > θEq and θEq is the corresponding 
equilibrium contact angle for the same fluid on the 
flat (non-textured) surface region.   
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from Infolab, Inc. Two methods were used to fabricate Microstructured 
Au substrates. The first method is based on our previous work to fabri
cate microstructured substrate surfaces in a timely and cost-effective 
manner using a negative mold methodology [48]. A microstructured 
surface is created by curingpolydimethylsiloxane (PDMS), Norland op
tical adhesive 61 (NOA), or JB-Weld on a negative, micro-patterned 
plastic mold. DC magnetron sputtering is then used to deposit a ~100 
nm thick, thin film of Au on the cured, micro-structured material sam
ples. The second method involves polymerization using a Nanoscribe 
Pro GT laser lithography system to fabricate microstructures on a silicon 
wafer (thickness = 0.5 mm). These microstructures on Si are then coated 
with a thin, protective layer of Al2O3 (~150 nm) to maximize robustness 
and surface energy uniformity. These microstructured samples (or 
anisotropic hemiwicking arrays) were fabricated at the Center for 
Nanophase Material Sciences at Oak Ridge National Laboratory (ORNL). 
Then, ~100 nm of Au is deposited on the protective Al2O3 surface 
coating (via DC magnetron sputtering). Table 1 provides a summary of 
the geometries of the microstructured wicking arrays used in this study. 

2.3. Fabrication of photoswitchable surfaces 

Fig. 2 illustrates the two steps required to prepare SP functionalized 
surfaces on both the flat and microstructured Au sample substrates. 
Initially, the Au substrate is immersed in a 5 mM solution of cystamine 
dihydrochloride for 48 h to produce a self-assembled monolayer (SAM) 
containing a terminal amino group. The SAM functionalized Au is then 
rinsed with DI water and placed in an ethanolic solution containing 5 
mM carboxylated SP (SPCOOH) and 1 mM 1-Ethyl-3-(3-dimethylamino
propyl) carbodiimide (EDC) and left in the solution overnight. A 
condensation reaction occurs between the amino groups of cystamine 

and the carboxylic acid groups of SPCOOH, resulting in an SP- 
functionalized Au surface (SP-SAM). The surface chemistry of SAM 
and SP-SAM attached to the Au surface was analyzed using X-ray 
photoelectron spectroscopy (XPS). The XPS experiments were conduct
ed using a Physical Electronics 5400 Electron and Spectroscopy for 
Chemical Analysis (ESCA). 

2.4. Photoswitching experiments 

The photoswitchable Au substrate undergoes a ring opening of SP 
(MC) with UV light irradiation and switches back to the closed form of 
SP with visible light irradiation (Fig. 2(b)). The ring opening of SP 
produces positive charges in nitrogen and negative charges in oxygen. 
UV-AC hand lamps (λ = 365 nm) and a 120 LED array (λ = 520 nm) were 
used to induce the ring opening and closing of SP, respectively. The 
wavelengths were selected based on the absorption experiments with 
SPCOOH in ethanolic solution detailed in the Supplementary Informa
tion (Fig. S3 and S4). Based on these experiments, one minute of UV 
irradiation is optimized for the photoisomerization of SP into mer
ocyanine (MC) and ten minutes of visible irradiation for the reverse 
reaction (MC into SP). The photoswitching experiments were conducted 
in three cycles. 

2.5. CA measurements 

Fig. 3 illustrates the wetting experiment for photoswitchable surfaces 
measured by contact angle analysis using a VCA-Optima surface analysis 
(AST Products, Billerica, MA). Using a computer-controlled syringe 
pump, a droplet of 6 μL of water was dispensed on the surface and an 
image of the static droplet was captured. In addition to the static contact 

Table 1 
Pillar packing orientation, shape, geometry (base diameter d, height h, spacing sx, skew α, slant β angle), and roughness factor fr of the microstructured hemiwicking 
samples used in this study.  

Sample Orientation Shape d (μm) h (μm) sx (μm) α (deg) β (deg) fr 

1 Staggered half-Cylinder 20 17.5 40 45 0  1.28 
2 Cubic Crescent 20 20 50 0 0  1.46 
3 Cubic half-Cylinder 30 25 50 0 0  1.77 
H Cubic half-Conical 20 44 50 0 12.8  1.46 
G Staggered half-Conical 30 97 40 45 8.8  2.18 
K Cubic half-Conical 30 58 50 0 14.5  1.91  

Fig. 2. The process for (a) functionalization of cystamine and SPCOOH onto an Au substrate (b) photoisomerization of SP on the Au substrate.  
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angle, the VCA instrument was used to measure the advancing and 
receding contact angles. The advancing angle was captured by placing a 
droplet on a surface and then adding fluid to the droplet (increasing its 
volume and contact angle), until the droplet’s contact/triple line “de- 
pins” from the surface and then advances along the surface to a value 
close to the droplet’s equilibrium contact angle. Thus, the advancing 
contact angle corresponds to the contact angle at the inception of “de- 
pinning”. A similar method was used to capture the receding angle, but 
the syringe was used to remove fluid from the droplet (reducing its 
volume and contact angle) until de-pinning occurs. Video recordings by 
the camera capture the droplet dynamics for these advancing and 
receding experiments (Fig. 3(a)). The contact angle measurments were 
performed using a red-light lamp (λ ≈ 780 nm) since it does not affect 
the structure of SP as shown by the absorption plots in the Supple
mentary Information (S4). In between successive trials and other sub
sequent experiments, the samples were cleaned with DI water and dried 
with nitrogen gas. 

2.6. Hemiwicking 

The hemiwicking experiments were performed on functionalized SP 
microstructures to determine the effects of wetting state transitions for 
different ‘light-induced’ variations in surface energy, changes in fluid 
composition, and variations in surface texture. A high-speed camera 
(Fig. 3(b)) was used to capture the hemiwicking dynamics of ethanol/ 
water mixtures (25:75, 50:50 and 75:25 vol% of ethanol:water, 
respectively). The hemiwicking experiments investigated the both the 
‘open’ and ‘closed’ SP-states. The 75:25 mixture has the smallest surface 
tension, making it more likely to wick while retaining its polarity. The 
presented data are based on vertical wicking experiments (against 
gravity) using a vertical translation stage (Fig. 3(b)), where a solution 
reservoir was moved up to the hemiwicking sample until it met the first- 
row pillars in the hemwicking pillar array. The hemiwicking process 
starts at the onset of fluid meniscus contact with the pillar array. The 
wicking dynamics were captured at 100 frames per second (fps) at an 
image resolution of 14.71 μm/pixel. Similar to the contact angle ex
periments, after UV (λ = 365 nm) or vis (λ = 520 nm) light exposure, the 
hemiwicking dynamics were monitored by the high-speed camera using 
a red-light lamp (λ ≈ 780 nm) for visual purposes since it does not affect 
the structure of SP. Horizontal wicking experiments from droplets 
(representative of Fig. 1(d)) were also conducted. However, with this 
horizontal configuration we did not observe hemiwicking or, more 
importantly, UV⇄vis photoswitching transitions between the Wenzel 
(or Cassie-Baxter) state and the hemiwicking state. 

3. Results and discussion 

3.1. Advancing, receding, and static CA with water 

Fig. 4 shows the changes in the static and dynamic contact angles for 
water on the SP functionalized flat Au sample for three UV⇄vis 

photoswitching cycles. Under UV-light radiation, θCA (static and dy
namic advancing/receding) decreases due to the photoisomerization of 
hydrophobic SP to hydrophilic MC (see Fig. 2(b)). 

The static θCA changed by approximately 10◦, which is comparable to 
previous studies [33,37–40] and decreased over the second and third 
cycles due to SP photodegradation during exposure. In fact, Spiropyran 
photoisomerization is associated with some side reactions. These re
actions can lead to by-products that lack the photoresponsive properties 
[46]. One of the most important mechanisms for these side reactions is 
due to the interaction between the long-lived triplet excited state of SP 
with the triplet oxygen (3O2). This generates a singlet oxygen (1O2) 
which initiates irreversible oxidation of the photoswitching process 
[46]. 

The dynamic θCA were also used to determine changes in the wetting 
dynamics in a non-equilibrium state, since these contact angles are tied 
to dγ/dA (Eq. (2)) and heterogeneities in surface energy. The advancing 
contact angle results in Fig. 4 show comparable switches in the magni
tude as that measured for the static contact angle, while the receding 
contact angle data show a lower degree of photoswitchability. Never
theless, for all conditions (static and dynamic), the behavior of the 
photoswitching shows that changes in the surface chemistry result in 
variations in the solid/liquid interface (Fig.S5 and Table S1). We hy
pothesize that these changes in the advancing and receding angles will 
tune the fluid wetting dynamics on the SP functionalized Au substrate, 
proving that SP reversibly changes the apparent hydrophobicity of the 
Au microstructured surface. This capability to tune the fluid wetting 
dynamics has broader impacts in heat transfer and self-cleaning 
applications. 

Fig. 3. (a) Schematic depiction of the surface wetting apparatus for measuring the advancing, receding, and static contact angles. (b) Schematic depiction of the 
vertical hemiwicking apparatus. 

Fig. 4. The static, advancing, and receding contact angles verses the imposed 
UV⇄vis light irradiation cycles with water droplets on a flat Au substrate 
functionalized with the photoactive SPCOOH compound. 
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3.2. Composition of photoswitchable surface 

XPS was conducted to determine the composition of the SAM and SP- 
SAM on the switchable surface. Six spots (surface locations) were 
selected for XPS analysis of the SAM and then the SP-SAM surface 
chemistries. The results are presented in Table 2 and Fig. 5. 

Carbon is the most abundant element on the SP-SAM surface, fol
lowed by oxygen, nitrogen, and Au. The C 1s spectrum (binding energy 
ranging ~282–286 eV) is the result of the formation of SAM using C–C: 
284.8 eV, C–S bond: ~284.5, C–N: ~285.5, C–Cl: ~285.2, C–H 
~286 eV and formation of SP-SAM C–O–C: ~ 286 eV. The N 1s region 
(binding energy ~397–400 eV) shows the formation of SAM (peaks at 
~399.5 and ~400.8 eV can be attributed to the N–H and N–C, 
respectively). The O 1s spectrum (binding energy ~529–533 eV) con
firms the oxidation of both the SAM and SP-SAM surfaces. SAM induces 
oxidation of the thiol groups formed upon adsorption of cystamine. This 
process produces either SO3

− ions or SO2
− groups, which desorb from 

the Au surface. Furthermore, the oxidation can be caused by multiple 
factors, including prolonged immersion times, oxygen in the SAM so
lution, air exposure, and photooxidation of the photoswitchable surface 
by UV exposure [49]. Also, the oxidation process occurs during samples 
preparation for XPS as well as during the photoswitching experiment. 
Oxidation can decrease photoswitching on surfaces by washing out the 
SAM and SP-SAM with a polar solvent, such as water (during experi
ments) [50]. 

Quality control of SAM and SP-SAM is imperative to increase the 
overall performance of photoswitchable surfaces. Highly aligned SAMs, 
theoretically, can contain higher terminal amino group packing den
sities. The ideal carbon to nitrogen molar ratio is [C/N] ~2, maximizing 
the possibility of a condensation reaction between the terminal amino 
atom of SAM and the carboxylic acid group of SPCOOH. Thus, ideal 
alignment results in a higher density of SP-SAM on the surface. As shown 
in Table 2, the carbon to nitrogen molar ratio [C/N] in the SAM is ~17 
(~8 times greater than the theoretical value of 2), which suggests that 
either the fabricated SAM is not well aligned or there is airborne mo
lecular contamination (adventitious carbon) [50,51]). The lack of sur
face coverage and non-ideal alignment are presumably the primary 
causes of a partially covered and misaligned SAM. 

Several important factors contribute to the formation of SAM, such as 
immersion time and cystamine concentration in the SAM solution 
[52,53]. The SAM in the photoswitchable surface was formed by 
immersing the Au substrate in 5 mM cystamine dihydrochloride solution 
over 48 h (1–10 mM and 1–24 h are prevalent ranges for SAM formation 
[54–56]). Results showed that 5 mM of cystamine dihydrochloride 
provides superior photoswitching in comparison to a higher concen
tration of 7.5 mM (Fig. S6). Extended immersion times have a contra
dictory effect. On the one side, increasing surface coverage of SAMs 
results in fewer defects. On the other side, prolonged immersion times 
are associated with an increase in the amount of oxidized carbon and 
sulfur in the photoswitchable surface [50]. The 12.68% of the oxygen in 
the SAM is composed mainly of oxidized carbon and sulfur. Oxidized 
sulfur may result in the detachment of the SAM from the Au surface and 
a decrease in the switching performance. 

Besides the SAM, the SP-SAM structure and quality have an impor
tant impact on the wetting behavior of the photoswitchable surface. 

First, the SP-SAM quality is reduced by the presence of bulky SP groups 
in the formation procedure. Sterically bulky SPs inhibit the development 
of densely packed SP-SAMs and result in a disordered SAM [50]. Second, 
the formation reaction of SP-SAM is incomplete (amino groups in the 
398–400 eV region of the XPS spectrum (Fig. 5)). This reduces the 
number of attached SP to the Au and consequently its photoswitching 
performance. And finally, photodegradation of SP upon UV irradiation 
leads to a decrease in |ΔθCA| after repeated UV⇄vis photoswitching 
cycles (see Sec. 3.1). 

3.3. Results of ethanol-water mixture and surface energy analysis 

The free surface energy variation between the ‘open’ and ‘closed’ 
form of SP is due to the different types and magnitudes of intermolecular 
interactions [57]. This variation mainly comes through the exposure of 
the positive and negative charges in the open state (i.e., after UV light 
exposure) and the structure with no free charges in the closed state (i.e., 
after visible light exposure). For this study, the Owens-Wendt and the 
Van Oss Chaudhury Good models were used to predict the surface en
ergy variations of the photoswitchable surface upon UV or vis light 
irradiation. These two surface energy models consider the polar and 
nonpolar contributions of the liquid and the solid surface energy to 
predict the contact angle. The Owens-Wendt model, which is closely 
related to Fowke’s Theory, can be expressed through the following 
equation [58]: 

1 + cosθCA

2
γl̅̅̅̅̅
γd

l

√ =
̅̅̅̅
γp

s
√

̅̅̅̅̅
γp

l

γd
l

√

+

̅̅̅̅̅

γd
s

√

(3)  

where γl is the surface energy of the fluid, γs is the solid surface energy, 
γp is the polar component of the surface energy, and γd is the non-polar 
component of the surface energy. The Van Oss Chaudhury Good model, 
or simply Van Oss model, analyzes the wetting through two different 
aspects of the polar surface energy, the electron accepting (acid, γ+) and 
the electron donating (base, γ−) components. In relation to the polar 
component of surface energy, the acid and base contributions are given 
by the following equation [58]: 

γp = 2
̅̅̅̅̅̅̅̅̅̅
γ+γ−

√
(4) 

Using this contribution, the Van Oss model calculates surface wetting 
using [59]: 

(1 + cosθCA)γl = 2
( ̅̅̅̅̅̅̅̅̅

γd
s γd

l

√

+
̅̅̅̅̅̅̅̅̅̅
γ+

s γ−
l

√
+

̅̅̅̅̅̅̅̅̅̅

γ−
s γ+

l

√ )

(5) 

Data from the ethanol and water experiments can be used to find the 
surface energy components using both the Owens-Wendt and Van Oss 
models. A proper application of the Van Oss model requires, however, an 

Table 2 
Element composition on the Au surface.  

Element Atomic % 

SAM Photoswitchable surface (SP-SAM) 

C, 1s  52.82  66.54 
O, 1s  12.68  14.2 
N, 1s  3.1  9.18 
Au, 4f  28.8  8.05 
S, 2p  2.6  2.03  

Fig. 5. XPS spectra after formation of (1) SAM (blue), (2) SP-SAM on a flat Au 
substrate. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 
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estimate of the surface energy. An approximation for the total surface 
energy is provided through the Chimbowski method, which is presented 
in the following [60]: 

γs = Π
(1 + cosθadv)

2

(1 + cosθrec)
2

− (1 + cosθadv)
2 (6)  

where Π is the film pressure between the thin, absorbed film layer of a 
fluid and the surface. Π can be calculated using the following equation: 

Π = σ(cosθrec − cosθadv) (7) 

The data from the dynamic contact angle experiments with water are 
used to find the solid surface energy. The polar and non-polar compo
nents of the surface energy are then related through the following 
equation [61]: 

γ = γp + γd (8) 

To verify the surface energy values, both the theoretical and exper
imental contact angles of the ethanol/water mixtures are compared at 
different volume fractions ϕ (for both the ‘open’ and ‘closed’ forms of SP 
on the photoswitchable surface). The surface energy of the fluid mix
tures for the Owens-Wendt and Van Oss models are estimated using 
effective medium theory (EMT), e.g., 

σmix =
∑N

i
ϕiσi (9)  

Eqs. (1)–(9) are then used to calculate the changes in the surface free 
energy based on the wetting data gathered for both water, ethanol, and 
water-ethanol mixtures. Additional details regarding the properties of 
the fluid mixtures are provided in the Supplementary Information 
(Figs. S7 and S8). 

Table 3 provides our results for the different surface free energy 
contributions. Using these calculated surface energy values, Fig. 6 then 
summarizes our results in terms of θCA measured and θCA predicted 
based on the different surface free energy contributions provided in 
Table 3. Despite minor differences in the surface energy values, both 
models can approximate the value of the surface energy and its overall 
changes rather well. Moreover, as illustrated in Fig. 6, the experimental 
results for pure ethanol (ϕ = 0) and pure water (ϕ = 1) were rather 
accurate for predicting θCA of the water/ethanol mixtures. According to 
the Van Oss model, there is a 12.84% increase in the total free surface 
energy upon photoisomerization of closed form SP state to the open form 
MC state. Thus, both the experiment results and the surface energy 
modeling indicate that the overall increase in free surface energy is 
primarily due to an increase in the polar surface energy component - 
which is caused by the presence of the positive and negative charges in 
the open (MC) state. These findings also support that the surface charge 
(polarity) causes the primary changes in the surface free energy - 
resulting in the expected overall change in the wetting behavior (or θCA 

as a function of the UV⇄vis light stimulation). 
The Van Oss model can provide a better understanding of the 

changes in the polar component of the surface energy. As mentioned 
earlier, the Owens-Wendt model only considers the total polar compo
nent of surface energy, while the Van Oss model analyzes the acid-base 
component of surface tension. Positive and negative charges exposed in 
the ‘open’ SP state are representative of the nitrogen and oxygen mol
ecules, respectively (see Fig. 2(b)). Based on the Van Oss models, it is 
observed that the main changes in the polar component of the surface 
energy are caused by the electron donating (i.e., base) component. This 
indicates that the negative charges on oxygen molecules in the ‘open’ SP 
state are more influential in altering the overall surface free energy than 
the positive charges on nitrogen molecules. 

3.4. The impact of surface microstructure 

3.4.1. Cassie-Baxter, Wenzel, and Hemiwicking state 
Fig. 7(a) shows the measured changes in θCA of water droplets for 

three UV⇄vis irradiation cycles with two different photoswitchable 
surfaces (flat and microstructured). Fig. 7(b) provides data for water- 
ethanol mixtures on both flat (filled circle symbols) and micro
structured (open triangle symbols) Au surfaces functionalized with SP. 
Similar to the ΔθUV⇄vis

CA modulations observed for the smooth (flat) SP- 
functionalized Au surface, the apparent θCA for the microstructured 
pillar array varies depending on the SP state of the photoactive com
pound. Thus, photoisomerization of the SP ’closed’ state to MC ’open’ 
state not only alters the intrinsic surface free energy of the functional
ized Au surface, but also modulates the capillary force coupled to the 
surface texture of the microstructure. While the photoactive compound 
only facilitates relatively small modulations (i.e., ΔθUV⇄vis

CA ≈ 5 − 10◦), 
the tunability of θCA is repeatable and still offers preliminary results 
towards the design of systems that can exhibit this photowetting effect 
with both textured and non-textured surfaces. Moreover, these results 
support the broader impacts of potentially using other OPCs for tunable 
wetting beyond that for flat surfaces, where the wetting dynamics can be 
controlled/tuned by engineering both the surface microstructure and 
the surface photochemistry. 

Multiple researchers have derived criterion for predicting the 
different wetting states and wetting state transitions [65–70]. Most 
commonly conventional wetting theory [67] is used, where it can pre
dict the apparent contact angle for all three wetting states based on the 
geometry of the surface microstructure, the fractional wetted area, and 
the equilibrium contact angle of the intrinsic surface material without 
microstructures. For the Wenzel state (Fig. 1(c)), conventional theory 
predicts the apparent Wenzel state contact angle (θW) to follow as 
cosθW = frcosθ*

CA, where θ*
CA represents the equilibrium contact angle for 

the non-textured (flat) surface and fr is the roughness factor (i.e., the 
ratio of the total surface area of the microstructured surface to the 
projected surface area). On the other hand, the apparent Cassie-Baxter 
contact angle (θCB) for the traditional, air-pocket wetting regime 
(Fig. 1(b)) can be expressed as cosθCB = Φ(cosθ*

CA + 1) −1, where Φ is 
the fraction of the wetted solid surface area to the projected surface area. 
Based on these wetting state predictions, the photo-induced changes in 
θCA for water with microstructured sample in Fig. 7(a) corresponds to 
slight perturbations in an unstable Cassie-Baxter wetting state with 98◦

≲θCB≲ 108◦, using Φ ≈ 0.5–0.7 and θ*
CA ≈ 67–85◦ based on the bare Au 

photoswitching results. Therefore, with further enhancements in the 
photoisomerization of the SP surface coating, a Cassie-Baxter to Hemi
wicking (or droplet penetration) state transition is feasible. For example, 
if UV light stimulation can reduce the apparent Cassie-Baxter contact 
angle with water to the hydrophilic state (i.e., θCB ≤ 90◦), then the 
Cassie-Baxter to Hemiwicking state transition should occur via a 
cascading Cassie-Baxter to Wenzel to hemiwicking transition. Equiva
lently, reversible Cassie-Baxter to Hemiwicking transitions are expected 
with water if UV⇄vis stimulation can induce the corresponding intrinsic 

Table 3 
Surface energy components for water, ethanol, and the photoswitchable SP 
functionalized Au surface, using the Owens-Wendt and Van Oss Models [58–64] 
for the UV light (‘open’) and vis light (‘closed’) photoswitching states.  

Material σ*, 
γ(mN/m) 

γd (mN/ 
m) 

γp (mN/ 
m) 

γ+

(mN/ 
m) 

γ−

(mN/ 
m) 

Water  72.8*  21.8 51  25.5  25.5 
Ethanol  23.2*  21.4 1.8  0.09  9.0 
SP-Au, Closed (vis), 

Owens-Wendt  
31.14  9.51 21.63  –  – 

SP-Au, Open (UV), 
Owens-Wendt  

34.79  8.40 26.39  –  – 

SP-Au, Closed (vis), 
Van Oss  

29.84  8.96 20.88  7.27  14.99 

SP-Au, Open (UV), 
Van Oss  

33.67  7.34 26.34  9.13  19.00  
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(flat surface) contact angle conditions: θUV
CA ≤ 40◦ and θvis

CA ≥ 90◦. This 
⃒
⃒ΔθUV⇄vis

CA
⃒
⃒ ≥ 50◦ criterion is significantly greater than the ~5–10◦ var

iations observed. Yet, these estimates are potentially overestimates 

because Φ is also influenced by the light induced changes in surface 
energy. Nevertheless, these estimates are supported by recent wetting 
state predictions by others - see, e.g., Fig. 2(e) in [70]. 

Fig. 6. Comparison of the theoretical and experimental contact angles for water, ethanol, and water/ethanol mixtures using (a) the Owens-Wendt (Eq. (1)) and the 
Van Oss (Eq. (3)) wetting models and (b) variations in the water volume fraction derived from the Van Oss model. 

Fig. 7. The effects of SPCOOH func
tionalization, surface microstructure, 
and UV⇄vis photoswitching on the 
static contact angle. (a) Contact angle 
data for water droplets on both bare 
(smooth) Au and microstructured Au 
surfaces before and after SPCOOH- 
functionalization and then with subse
quent UV⇄vis photoisomerization of the 
SP surface coating. (b) Contact angle 
data for different water-ethanol mix
tures. The circle symbols (○) represent 
equilibrium contact angles for water (or 
water-ethanol mixtures) on the smooth 
(non-textured) Au surface, whereas the 
triangle symbols (△) represent the 
apparent contact angles for a micro
structured sample surface - (a) Sample-3 
and (b) Sample-2 (see Table 1). The 
initial (no SPCOOH) data points corre

spond to the contact angles measured with the untreated Au surface (i.e., before the Au surface was functionalized with the photoactive SPCOOH compound). The 
data are based on multiple experiments (5 minimum per data point), where (a) provides data for multiple trials.   

Fig. 8. Hemiwicking enhancements by UV light stimulation for a 75:25 (ϕ = 0.75) ethanol/water fluid mixture on different wicking structures (SP functionalized). 
(a) Effects of UV and Vis light stimulation on the vertical hemiwicking performance for different anisotropic (half-conical) SP functionalized microstructured sur
faces. The results are plotted in terms of the squared distance (L2) traveled by the fluid’s meniscus front as a function of time (t). The closed and open symbols 
represent the rapid ascent (RA) and sluggish climb (SC) wicking orientations, respectively. (b) Corresponding UV enhanced hemiwicking performance in terms of the 
interfacial diffusivity ratio (DUV

I /Dvis
I ) as a function of the predicted solid-liquid Structure factor S (evaluated at both the midpoint (L = 2.5 mm) and the end (L = 5 

mm) of the wicking arrays). The inset image in (b) also depicts the corresponding pillar geometry orientation for SC and RA hemiwicking. 
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3.4.2. Hemiwicking results 
Along with tracking observable changes in the Cassie-Baster or 

Wenzel state, changes in the hemiwicking performance were also 
recorded. The results of our hemiwicking experiments are presented in 
Fig. 8. The changes in the hemiwicking performance were tracked by 
measuring the distance traveled by the leading edge of the wicking front 
as a function of time. The results indicate that, similar to what was 
observed with the Wenzel state, the photoisomerization of the SP will 
enhance the hemiwicking performance on the microstructured surfaces. 
For these experiments, water, ethanol, and water-ethanol mixtures were 
used. However, for hemiwicking to occur a fluid with an equilibrium 
contact angle less 50 degrees was needed. Therefore, the presented data 
is for a 75:25 ethanol-water mixture (ϕ=0.25), where hemiwicking and 
hemiwicking enhancements with the tested wicking arrays were not 
possible, as expected, with pure water because θH2O

CA ≫θZipping
CA [64,71]. 

To emphasize the diffusive nature of the hemiwicking process, we 
plot the data in terms of the interface diffusivity DI of the wicking front: 

L = (DIt)1/2 (10)  

where L is the distance traveled by the leading edge of the wicking fluid, 
DI is the interface diffusivity, and t is the time of travel. These results 
show that the dynamic surface wetting is impacted by the change in 
surface chemistry (or energy) due to photoisomerization. Thus, the 
orientation of the SP impacts both the static and dynamic surface wet
ting behavior. Based on these UV⇄vis hemiwicking results, it is clear 
that the use of photoreactive compounds can dictate the wicking speeds 
in-real time beyond what can be achieved by changes in the surface 
microstructure alone. 

Recent work on hemiwicking has derived a solution for the hemi
wicking velocity in compact form as [72–74]: 

U(L) =
1

Cd0

(
σ
μ

)

S =
1

Cd0

(
σ
μ

)
K
L

(11)  

where U is the hemiwicking velocity, Cd0 ≈ 24 is the drag coefficient in 
the Stokes flow regime (Re ≪ 1), S = K/L is the dimensionless solid- 
liquid Structure factor, K is the solid-liquid surface texture, and the 
surface tension to dynamic viscosity ratio (σ/μ) is a capillary velocity 
(which represents the maximum speed for wetting a flat, dry surface). 
Based on equations (10)–(11) the interface diffusivity of the propagating 

meniscus front is predicted as: DI = 2
Cd0

(
σ
μ

)

K. The solid-liquid Structure 

factor S ties the surface chemistries of the fluid and solid (i.e., the 
attractive solid-liquid interfacial forces) with the surface microstructure. 
Thus, both solid-liquid Structure factor (S) and the solid-liquid surface 
texture (K) couple the fluid-solid wetting behavior to the geometry/ 
texture of the hemiwicking surface. 

Past work derived the wicking/pumping force per unit wicking cell 
width (fw ≈ σκ Aw

sy
) based on a liquid meniscus curvature scaling as 

κ ≈ h/x2
0, where h is the pillar height and x0 is the measured, steady- 

state meniscus extension. For this work we revisited the wicking/ 
pumping force per unit cell width based on the contemporary capillary 
rise problem with a meniscus curvature scaling as κ = 2cos

(
θ∗

CA + β
)/

sκ, 
where β is the slant angle of the pillar walls relative to the substrate 
surface normal and sκ is the interpillar gap separation (see the Supple
mentary Information, Fig. S10). As a result, a force balance between the 
wicking and viscous drag force (fw ≈ fCd0 ) leads to the generalized so
lution for the solid-liquid surface texture, 

K =
2cos

(
θ*

CA + β
)

sκ

[
Aw

ACd0

]

LC

( sx

cosα − d*
)

(12)  

where θ*
CA is the equilibrium contact angle of the fluid meniscus in 

contact with the pillar wall, Aw
ACd0 

is the ratio of the pillar surface area for 

pumping/wicking to the pillar surface area for viscous drag per unit cell, 

LC is the characteristic length for the flow-field (Re = ρULC/μ), and the 
(sx/cosα − d*) term accounts for packed bed limit with d* = d for cy
lindrical pillars. Thus, the revised wicking model accounts for light- 
activated changes in the wetting behavior (θUV⇄vis

CA ) and anisotropic 
pillar geometries (β ∕= 0). We note that θ*

CA used in the wicking model 
should be that of the flat wall (or that relative to the surface normal of 
pillar wall), not the apparent contact angle of the fluid with the 
microstructured surface. 

The revised hemiwicking model is supported by a majority of the 
acquired UV⇄vis hemiwicking data in Fig. 8, where, in general, the 
vertical hemiwicking velocities (or meniscus interface diffusivity) in
creases upon UV photoisomerization of the open-SP surface state. 
Therefore, along with the static pillar geometry and pillar spacing 
configuration, the dynamic state of the surface chemistry is a key metric 
for engineering the wetting behavior. Such transient surface-chemistry 
effects are crucial in areas such as thermal transport, where the real- 
time changes in surface chemistry (via surface oxidation and fouling 
at high heat fluxes) result in significant, irreversible reductions in the 
critcal heat flux and nucleate boiling heat transfer coefficients. 

Our choice of the tested (vertical) wicking orientation is worth 
additional clarification - i.e., vertical hemiwicking from a fluid pool 
(Fig. 3(b)) as opposed to lateral (horizontal) hemiwicking from a droplet 
(Fig. 1(d), fluid penetration). We did test both wicking configurations. 
However, while we did observe UV⇄vis photoswitching of the apparent 
contact angles with multiple fluids in the horizontal configuration (see, 
Fig. 3(a) and Fig. 7), we did not observe Wenzel (or Cassie-Baxter) to 
hemiwicking state transitions in the horizontal configuration with the 
presented fluid droplets on the photoactive microstructured surfaces. 
Therefore, the final studies focused on vertical hemiwicking against 
gravity from a fluid pool to demonstrate tunability of the wicking force 
via photoisomerization of SP on microstructured Au substrates. In re
gard to the propagation dynamics of the hemiwicking front, while we 
were able to modulate the static and dynamic contact angle over a 
relatively broad range using water and ethanol-water mixtures, we did 
not observe significant and reproducible variations in the hemiwicking 
zipping dynamics (see, Supplementary Fig. S11, Fig. S12, and the Sup
plemental video). The corresponding zipping ratio has been derived 
from previous works [64–65], where the zipping ratio is also derived via 
an energy and mass balance on a hemiwicking configuration and is tied 
to a critical contact angle [65] that scales as cosθc = −1 + 2h/(2h + sκ). 
Also, while we demonstrated that photoisomerization of SP induces 
systematic modulations in the surface energy, aside from changes in the 
static contact angle, the cameras used in this study were unable to detect 
the photoinduced changes in the meniscus curvature (κ). Refined studies 
are needed to understand the role of the photoinduced changes in κ and 
∇κ. 

The present work did not observe the pursued transition from static 
Cassie-Baxter (or Wenzel) state to the dynamic hemiwicking state based 
on the photoisomerization of SP on Au microstructured surfaces. Even 
with the use of different microstructures, the achieved photo
isomerization of SP (i.e., 

⃒
⃒ΔθUV⇄vis

CA
⃒
⃒ ≈ 5–10◦) is not sufficient to alternate 

between wetting states. Moreover, these surface free energy variations 
do not appear to be enough to overcome the solid-fluid absorption/ 
binding energy for wetting state alternations at timescales appropriate 
for most fluid dynamic processes (i.e., timescales on the order of tens of 
milliseconds or less). To achieve such multi-purpose surface switching 
(i.e., a surface that can self-wet and self-dry based on the photo-state of 
SP), surface free energy changes corresponding to 

⃒
⃒ΔθUV⇄vis

CA
⃒
⃒ > 30–50◦

are needed. The following expression has been utilized to scale the 
differential surface free energy (dG) per unit length (dx) for micro
structured surfaces, namely with hemiwicking [75], 

dG = (γSL − γSV )fr(1 − Φ)dx − γΦdx + γfrcosθdx (13)  

where fr is the surface roughness factor and (1 −Φ) is the structure 
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fraction remaining dry. Based on what has been discussed in this study 
regarding the achievable changes in θCA (or the surface free energy), it 
can be concluded from Eq. (13) that the overall free energy per unit 
length will increase with photoisomerization of the SP coating. How
ever, despite the expected increase in the overall surface free energy per 
unit length (based on the photoisomerization of SP), dramatic im
provements in Δγ (or ΔθCA) are needed for new technologies based on 
the static-to-dynamic wetting state transitions discussed herein. Based 
on Eq. (13), such static-to-dynamic transitions will require changes in 
surface free energy that are much greater than the 13% achieved in this 
work. 

In regard to future applications, while the demonstrated hemi
wicking enhancements were only nominal, it still seems favorable to 
incorporate SP (or other photoactive compounds) in heat transfer sys
tems such as heat pipes for actively tuning the overall heat transfer 
coefficient. This aspect of the design would take advantage of the 
additional chemically capillary action to increase or decrease the overall 
two-phase thermal transport. Moreover, applications based on photo
active inhibition, elastocapillary effects, and packed bed capillary tubes 
(wicks) seem promising based on the significant increase in solid-liquid 
surface area that be achieved with such systems. In principle, the per
formance limits of such devices can be rapidly accessed by simply 
measuring the photoisomerization-induced changes in the elastocapil
lary length or capillary gravity length. 

4. Conclusion 

As demonstrated in this study, the use of photoactive compounds on 
a microstructured Au surface affects the surface wetting between the 
two different states. On both smooth and microstructured Au, changes in 
the wetting dynamics were captured upon photoisomerization of SP 
through the static, dynamic, and apparent contact angle θCA. Along with 
θCA, changes in the diffusion of a polar fluid wicking through a micro
structured array based on the orientation of SP were also recorded. 
Based on the observed changes in θCA and the interface diffusivity, the 
different surface energies between the two different photoisomerization 
states were calculated through both the Owens-Wendt and Van-Oss 
models. Results presented in this work give the community a better 
understanding of the limitations of photoreactive surface coatings for 
the use in a variety of applications, including self-cleaning surfaces and 
thermal control devices. The slight variation of wetting behavior on the 
photoswitchable surface presents the possibility of having micro
structured gold with controllable wettability. Further optimization is 
needed to maximize the photoisomerization-induced changes in the 
surface free energy (or, in terms of photoswitching the contact angle, 
⃒
⃒ΔθUV⇄vis

CA
⃒
⃒ > 30◦). Such an optimization, combined with engineering the 

surface microstructure, will facilitate the design of photoactive fluid 
switches and thermal control systems. 
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[75] D. Quéré, Rough ideas on wetting, Phys. A: Stat. Mech. and its Appl. 313 (1–2) 
(2002) 32–46, https://doi.org/10.1016/S0378-4371(02)01033-6. 

A.H. Mesbahi et al.                                                                                                                                                                                                                             

https://doi.org/10.1017/jfm.2016.386
https://doi.org/10.1038/s41598-019-56361-7
https://doi.org/10.1038/s41598-019-56361-7
https://doi.org/10.1021/acs.langmuir.8b03611
https://doi.org/10.1016/S0378-4371(02)01033-6

	Tuning the fluid wetting dynamics on gold microstructures using photoactive compounds
	1 Introduction
	2 Experimental setup
	2.1 Synthesis of SPCOOH
	2.2 Creating the microstructured surface
	2.3 Fabrication of photoswitchable surfaces
	2.4 Photoswitching experiments
	2.5 CA measurements
	2.6 Hemiwicking

	3 Results and discussion
	3.1 Advancing, receding, and static CA with water
	3.2 Composition of photoswitchable surface
	3.3 Results of ethanol-water mixture and surface energy analysis
	3.4 The impact of surface microstructure
	3.4.1 Cassie-Baxter, Wenzel, and Hemiwicking state
	3.4.2 Hemiwicking results


	4 Conclusion
	CRediT authorship contribution statement

	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary material
	References


