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a b s t r a c t 

This study evaluates the effect of water vapor pressure on the surface conductivity of a hydrated small 

molecule crystal under dry and wet conditions. The crystal contains a discrete metal complex with wa- 

ters of hydration in structural positions and in 1D water wires. Under dry conditions, the surface of the 

hydrated crystal behaves as a near ideal capacitor. Under wet conditions, the waters of hydration serve 

as a template to assemble surface water networks by organization of water from the environment. The 

surface water provides pathways for charge transfer attributed to proton mobility that increases conduc- 

tivity by > 3 orders in magnitude. Modulation between wet and dry conditions tunes the conductivity 

of the crystal surface via a two-step process, which has been evaluated kinetically as a function of the 

water vapor pressure. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

Water is a remarkable molecule and its complex molecular 

ehavior continues to generate intense scientific interest [ 1 , 2 ]. It 

lays a crucial role in biochemical processes [ 3–6 ] and the de- 

elopment of biomimetic artificial water channels have led to a 

reater understanding of the hydrodynamics of water in confined 

nvironments [ 7–10 ]. There are also numerous examples of water 

lusters of various shapes and sizes in different host matrix envi- 

onments [ 11–16 ]. The pores and channels generally are lined with 

rganic moieties containing carbonyl, amine, or hydroxyl groups 

hat facilitate hydrogen bonding. Within these channels, water 

erves as a conduit for proton mobility along water wires accord- 

ng to the Grotthuss [ 17-19 ] and vehicle mechanisms [ 20 ]. Dehy-

ration of the channel may be irreversible due to collapse of the 

tructure or reversible via single crystal to single crystal structural 

ransformations with considerable changes in the material proper- 

ies between the hydrated and dehydrated states [ 21 , 22 ]. Recently, 

aterials that undergo reversible structural transformation upon 
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ydration have been employed to study proton propagation rele- 

ant to proton-exchange membranes or humidity sensors. Several 

etal-organic framework (MOF) materials demonstrate high pro- 

on conductivity under humid (94–98%) conditions attributed to 

n extended hydrogen-bonding network within the material upon 

ydration [ 23–28 ]. One of the MOFs demonstrated potential ap- 

licability as a humidity sensor with a five orders of magnitude 

nhancement in conductivity when the relative humidity was in- 

reased from 40% to 95% [ 23 ]. Similarly, an iron based perovskite 

aFeO 2.5-x (OH) 2x [ 29 ], an open-framework chalcogenide [ 30 ], and 

 porous organic molecular material [ 31 ] demonstrated reversible 

ncreases in conductivity upon adsorption of water into the lattice. 

roton conductivity has also been observed in coordination poly- 

ers through extended water networks between 2D layers [ 32 ] 

nd in single crystals of coordination polymers [ 33 ]. Further eval- 

ation identified two mechanisms for the enhanced conductivity 

t higher humidity of the single crystal with a lower barrier route 

ttributed to a proton hopping mechanism through the interior of 

he crystal and a higher barrier route associated with mass trans- 

ort on the crystal surface [ 33 ]. 

Water also displays unique properties when confined to a 2D 

urface. For instance, the structure and dynamics of water at min- 

ral surfaces varies significantly from bulk water due to surface- 

https://doi.org/10.1016/j.apmt.2020.100895
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pecific hydrogen bonding, orientation, and ordering that is depen- 

ent on the hydrophilicity/hydrophobicity of the mineral surface 

 34 ]. Relative to bulk water, water confined into 2D layers partic- 

pate in fewer hydrogen bonds per molecule with decreased H- 

ond life times and increased lateral diffusion [ 35 ]. Charge prop- 

gation through water on surfaces has largely been attributed to 

he presence of Zundel [ 36 ] and Eigen [ 37 ] ions or small water

lusters [ 38 ] that influence surface electrical and ionic conduction 

ia an electrochemically mediated charge transfer process. The pH 

f the ambient environment dictates the direction to or from the 

ost matrix of the charge transfer. The organization of water on 

urfaces has also been exploited to enhance proton conductivity. 

nlike the materials that undergo structural changes upon adsorp- 

ion of water into the lattice, the surface adsorption of water re- 

ies on interactions with surface features to organize water net- 

orks. For example, oxygen deficiencies in a 2D Ti 3 C 2 /TiO 2 com- 

osite provides a surface capable of detecting water over a wide 

elative humidity range (9–97%) through changes in conductivity. 

ltrafast humidity detection was obtained using 2D graphene ox- 

des that used changes in impedance to detect changes in humidity 

ear the sensor associated with activities such as speaking, breath- 

ng, or whistling [ 39 ]. 

Herein, we report a system that undergoes dramatic changes 

n conductivity as a function of water vapor pressure associated 

ith the adsorption of water on the surface of small molecule 

ingle crystals. To our knowledge, this is the first example of a 

iscrete, small molecule metal complex that demonstrates this 

roperty. The system consists of 1D water chains confined in 

hannels formed by 1D π-stacked metal complexes that are linked 

ith structural waters of hydration. The waters of hydration 

erve as imprinted elements for the adsorption/desorption of an 

rganized water network on the surface of the crystal that are 

esponsible for the changes in surface conductivity under dry and 

et conditions. This is in contrast to other materials that undergo 

hanges in conductivity through the material associated with hy- 

ration/dehydration of the lattice. Interestingly, structurally similar 

omplexes with blocked edges (with epoxy) or containing discon- 

inuous water chains do not display this behavior. These systems 

emonstrate the potential to design small molecule complexes 

ith tailored functional groups to imprint sites on crystalline 

urfaces to mediate surface electronic properties through the 

dsorption of water or other small molecules. 

. Results and discussion 

Recently, we reported the synthesis and characterization of 

,N’ -(ethane-1,2-diyl)bis(1-methyl-1 H -imidazole-2-carboxamido) 

ickel(II) hydrate (NiL ·H 2 O) ( Fig. 1 A) and its isostructural Cu(II) 

erivative, which show extended hydrogen bonding (HB) network 

onsisting of 1D water wires ( Fig. 1 B) in the crystal structure [ 40 ].

rystals of NiL ·H 2 O contain two crystallographically distinct NiL 

quivalents and four unique water sites; three of which are full 

ccupancy and one with partial occupancy. Preliminary evaluation 

f the electrical properties of NiL ·H 2 O suggested the presence 

f a wet domain associated with charge transfer through the HB 

ater network and a dry domain associated with a water-deficient 

harge transfer pathway [ 40 ]. To further probe the electrochemical 

roperties of this system, a single plate-shaped crystal of NiL ·H 2 O 

as mounted on a measurement chip that was loaded into a 

wo-probe resistance measurement system that allowed for pre- 

ise control of the water vapor pressure. For as-isolated crystals, 

 constant current of 52 ± 3 nA (at a constant applied voltage) 

as maintained for 7–8 min under initial, ambient conditions. 

ry conditions were obtained by applying vacuum to reduce the 

 H2O to 8 torr resulting in a rapid decrease in current (at the 

ame applied voltage) to a steady value of 8 ± 3 pA. Then, wet 
2 
onditions were established by introducing water vapor until the 

 H2O reached 17 torr. Within several minutes a constant current 

f 52 ± 3 nA was re-established. Multiple cycles of dry and wet 

onditions were performed with reproducible results ( Fig. 1 C). 

he behavior is consistent with modulation of surface conduc- 

ivity through the formation and disruption of organized water 

etworks. The phenomenon is reproducible using different crystals 

f NiL ·H 2 O, although the value of current under wet conditions is 

ependent on the crystal size and electrode placement. 

The electrical properties of the mounted crystal were evalu- 

ted by electrochemical impedance spectroscopy (EIS) under dry 

P H2O = 8 torr) ( Fig. 1 D) and wet (P H2O = 17 torr) ( Fig. 1 E)

onditions (see Supporting Information for further details). Un- 

er dry conditions, the crystal behaves as a near ideal capaci- 

or (Fig. S2 and Table S1) with a small measured capacitance of 

.148 ± 0.02 nF attributed to the charging of the bulk crystal, 

hich has a low density of dielectric. Under wet conditions, sur- 

ace adsorbed water provides a path for charge transfer between 

he electrodes (Fig. S3 and Table S2). At high frequency, the alter- 

ating voltage signal builds charge across the crystal with a capac- 

tance (CPE 1 ) of 0.092 ± 0.02 nF, similar to that of the dry crystal. 

s the frequency decreases, charge is transferred between the elec- 

rical contacts and water agglomerated around the contacts with 

n associated resistance (R 1 ) of 0.198 ± 0.002 M Ω and through the 

ighly resistive surface water network, R 2 = 1.116 ± 0.006 M Ω . As 

he frequency decreases further, capacitive charging occurs across 

he surface water, CPE 2 = 1.0 ± 0.7 μF. 

To evaluate if the conductivity is on the crystal surface or 

hrough the crystal, the AC resistance and EIS studies were re- 

eated with the probes attached on opposing crystal faces. The 

onductivity under dry conditions, 18 ± 7 pA, is similar to the 

rior measurements. Under wet conditions, there is an increase in 

onductivity to 0.52 ± 0.01 nA (Fig. S4). However, the increase in 

urrent is two orders of magnitude lower than measurements with 

he probes on the same crystal face. Evaluation of the electrical 

roperties of the crystal by EIS under dry conditions show a simi- 

ar capacitance, 0.170 ± 0.003 nF, as when the probes were on the 

ame crystal face consistent with its assignment to charging of the 

ulk crystal (Fig S5, Table S3). However, when the crystal is hy- 

rated only one time constant is apparent in the impedance spec- 

rum (Fig. S6, Table S4). In this case, the measured charge trans- 

er resistance, 26.7 ± 0.9 M �, is an order of magnitude greater 

han the resistance measured for charge propagation through the 

urface water film when the contacts are on the same side of the 

rystal. Capacitive charging of surface water is not observed in this 

ase because of: (i) increased distance between the probes (larger 

ffective dielectric thickness) and, more importantly, (ii) smaller ef- 

ective dielectric cross sectional area as charge must build across 

he bottleneck region on the edges of the crystal where surface 

ater coverage is sparse owing to the relative absence of anchor- 

ng structural water. These phenomena effectively reduce capaci- 

ance across the surface water film to zero, eliminating CPE 2 and 

ombining R 1 and R 2 into a single parameter R (Fig. S7) . This pa-

ameter represents the combined effect of electrical contact resis- 

ance between the probes and surface water film and the charge 

ransfer resistance, which is greatly increased due to a charge 

ropagation bottleneck along the edges of the crystal. As with 

he same side probe placement measurements, charge propagation 

nd/or capacitive charging through structural water wires is not 

pparent. 

The results above demonstrate that changes in surface hydra- 

ion are responsible for the conductance dependence on water 

apor pressure. To correlate these observations with the physical 

tructure, diffraction studies were used to identify the orientation 

f the Miller indices with respect to the electrical contact points on 

he crystal. The contact points are on the (001) crystal face near 
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Fig. 1. A) Stick drawing of the chemical structure of NiL ·H 2 O. B) Illustration of the extended hydrogen bonding network in NiL ·H 2 O highlighting the positions of the water 

wire (O5 and O6), structural water (O7), and volatile water (O8) relative to the nickel complex. C) Current across the 001 crystal face of NiL ·H 2 O under alternating wet and 

dry conditions. Maximum currents are observed under wet conditions and minimum currents occur under dry conditions. D) Bode (left) and Nyquist (right) representations 

of impedance data for NiL ·H 2 O under dry conditions. Dots represent individual data points, while lines represent the equivalent circuit fit. E) Bode (left) and Nyquist (right) 

representations of impedance data for NiL ·H 2 O under wet conditions. Dots represent individual data points, while lines represent the equivalent circuit fit. 
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he (100) edge ( Fig. 2 A). This positions the 1D water wires per-

endicular to the electrical contacts with a distance of 23.767(2) 
˚  between individual water wires ( Fig. 2 B). Individual water wires 

omposed of O5 and O6 water molecules are arranged as C 2 2 (4) 

oiled chains using the graph set notation (Fig. S8) [ 41 ]. The 1D

ires are anchored by carboxamide oxygens (O1 and O3) through 

dditional H-bonds. Between the 1D water wires are two addi- 

ional water molecules. The structural water molecule O7 is H- 

onded in a R 2 4 (8) ring motif with O2 carboxamide oxygens. The 

olatile O8 water molecule (not shown) sits nearest the 1D wa- 

er chain 7.68 and 7.65 Å from O5 and O6, respsectively, and is in

lose contact with O7, 4.02 Å. Notably, O8 only participates in one 

-bond consistent with its lower occupancy (20%) in the crystal 

attice. 

The presence of four distinct locations for the waters of hydra- 

ion within the crystal and additional surface associated waters, 

aises the question as to which water is removed under the dry 

onditions. To probe this, a single crystal of NiL ·H 2 O was held un-

er vacuum to reduce the P H2O to 8 torr for 15 min. Thermogravi- 

etric analysis (TGA) on as-isolated, conductive crystals (Fig. S9) 

nd non-conductive crystals obtained after 15 min of vacuum ex- 

osure ( Fig. 2 C) show equivalent mass near 100 °C consistent with 

.6 water molecules in the crystal lattice. X-ray powder diffrac- 
3 
ion (Fig. S10A) and single crystal unit cell determinations con- 

rm the crystal structure of NiL ·H 2 O remains intact after 15 min 

acuum exposure. Prolonged vacuum exposure overnight to re- 

ove more strongly H-bonded water molecules effectively dehy- 

rates the crystal lattice as shown by TGA ( Fig. 2 D), x-ray powder

iffraction (Fig. S10B), and the presence of powder rings in the sin- 

le crystal x-ray diffraction pattern. Notably, conductivity loss after 

omplete dehydration of the crystal lattice is irreversible consistent 

ith the loss of the framework organization. 

The reversible conductivity observed when the crystal is ex- 

osed to vacuum for shorter times ( Fig. 1 C) is consistent with 

he loss of surface hydration and retention of waters of hydra- 

ion in the crystal lattice. The absence of the non-capacitive charge 

ransfer pathway under these dry conditions, as determined by EIS 

tudies, results from the loss of loosely held surface water, which is 

esponsible for the reversible changes in conductivity between wet 

nd dry conditions. That is, changes in surface hydration are re- 

ponsible for the effects as the lattice hydration remains constant 

uring the experiment. These results show the waters of hydration 

ithin the crystal of NiL ·H 2 O are necessary, but not sufficient, for a 

onductive water network on the crystal surface. The water of hy- 

ration initiates assembly of additional surface bound water, which 

onfers increased conductivity. 
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Fig. 2. A) Photograph of the 001 face of a NiL ·H 2 O crystal with silver epoxy resin leads attached near the 100 edges. B) Representation of the two-probe AC resistance 

measurements setup showing the orientation of the water wires (blue lines) on the 001 surface relative to the contact points. C) Thermogravimetric analysis data for NiL ·H 2 O 
after short (15 min) vacuum exposure consistent with the initial formula containing 1.6 waters of hydration, NiL ·H 2 O. D) Thermogravimetric analysis data for NiL ·H 2 O after 
long (overnight) vacuum exposure consistent with the lattice dehydrated state, NiL. 
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t

Next, we evaluated the change in conductivity of NiL ·H 2 O as a 

unction of water vapor pressure. The crystal used in this study 

isplayed a saturating current of 56 ± 1 nA at P H2O of 17 torr. Low-

ring the vapor pressure results in a decrease in the steady state 

urrent ( Fig. 3 A and Table S5) until dry conditions are achieved 

t P H2O = 12 torr and below. Overall, the current response shows 

 sigmoidal dependence on P H2O ( Fig. 3 B) with saturation at 

 H2O > 17 torr. The inflection point of the curve occurs at P H2O 
5.5 torr yielding an equilibrium constant for water adsorption ( K ) 

f 0.0645 torr −1 . 

The rate of conversion between the dry and wet conditions 

as evaluated as a function of P H2O . Starting from dry condi- 

ions, the time required to obtain saturating current depends on 

 H2O ( Fig. 3 C). The current shows an initial lag, followed by a

ore rapid increase and can be fit with two sequential steps (Fig. 

11–S14 and Table S6). The observed rate constant at 26 °C for 
he first step shows a half-order dependence on the P H2O with a 

alculated k 1 = (7.37 ± 0.05) × 10 −3 torr −0.5 s −1 ( Fig. 3 D). The 

rst step is associated with adsorption of water into surface ex- 

osed sites in the crystal (O5–O8) that dissociate under dry condi- 

ions. The observed rate constants at 26 °C for the more rapid sec- 

nd step are third-order dependent on the P H2O with a calculated 

 2 = (1.13 ± 0.06) × 10 −6 torr −3 s −1 ( Fig. 3 E). The second step is

ssociated with formation of the organized water network and in- 

ludes additional water molecules adsorbed on the crystal surface. 

Modulation of the crystal environment between dry and wet 

onditions tunes conductivity by changing the hydration of the 

rystal surface via a two-step process. Under dry conditions 

 Fig. 4 A) the surface exposed 1D water chains are isolated due to 

acancies of the water, O8, sites on the surface consistent with the 

-ray structure and the TGA data above. Under these dry condi- 

ions, the crystal acts as a capacitor. Upon exposure to water vapor, 

he volatile sites are slowly populated ( Fig. 4 B) resulting in a slight
4 
ncrease in conductivity. Once the volatile sites are occupied, we 

nvision that additional water molecules begin to assemble on the 

urface connecting the 1D water wires through the structural and 

olatile water sites ( Fig. 4 C). This loosely held network provides 

 pathway for charge transfer between the electrodes. Finally, an 

rganized, extended network is achieved resulting in current satu- 

ation associated with wet conditions ( Fig. 4 D). 

. Conclusions 

The remarkable feature of this system is the ability to tune con- 

uctivity by modulation of the surface hydration of a crystal while 

aintaining a constant lattice hydration. Discrete water sites on 

he surface of the crystal act as nucleation centers for the forma- 

ion of linkages that transform isolated 1D water wires into con- 

ucting 2D water networks. This is in contrast to related systems 

hat rely on hydration/dehydration of the material lattice to induce 

tructural changes within the bulk of the material. To our knowl- 

dge, this surface phenomenon is more typical to the behavior of 

hin films and this is the first discrete small molecule complex to 

isplay this behavior. This study demonstrates the utility of using 

he functional groups and packing of a small molecule to create 

mprinted elements on a surface for the bonding and organization 

f water or other small molecules. This approach allows systematic 

tructure-function variation to modulate the identity and relative 

ocation of chemical functional groups to tailor the strength and 

electivity of the interactions between the surface and the surface 

dsorbed water or other surface bound species. 

. Material and methods 

Material and methods details are described in the Supplemen- 

ary Information available online. There the reader will find syn- 
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Fig. 3. Plots of current across the 001 face of a NiL ·H 2 O crystal under various conditions A) Modulation of current as a function of P H2O from wet (17 torr) to dry (12 torr) 

conditions. B) Equilibrium current, with error bars, as a function of P H2O from wet (17 torr) to dry (12 torr) conditions. Data was fit to a sigmoidal equation (see Supplementary 

Materials for details). C) Increase in current as a function of time upon transition from dry to wet conditions at various P H2O and a constant temperature of 26 °C. D) Plot of 
the observed rate constant k obs (s 

−1 ) for step one versus (P H2O ) 
0.5 . Data are represented by circles that encompass the standard error in k obs . The solid line is the best fit line 

y = 0.0074 x; R 2 = 0.9835. E) Plot of the observed rate constant k obs (s 
−1 ) for step two versus (P H 2 O ) 

3 . Data are represented by circles that encompass the standard error in 

k obs . The solid line is the best fit line y = (1.1 × 10 −6 ) x; R 2 = 0.9670. 

Fig. 4. Illustration of the changes in the 001 surface of NiL ·H 2 O (NiL = grey, O5-O6 water channel = red, O7 structural water = dark blue, O8 volatile water = purple, 

surface adhered water = light blue) under dry conditions (A) upon exposure to wet conditions over time (B – D). Contact points (not shown) are located near the 100 edge. 

Charge propagation occurs along the b- direction on the 001 surface. A) Under dry conditions, volatile water is absent and the crystal acts like a capacitor. B) Exposure to 

wet conditions populates volatile water positions leading to a small increase in conductivity. C) The accumulation of surface water upon longer exposure to wet conditions 

provides charge propagation pathways and larger increases in conductivity. D) Saturation with surface water results in an extended charge propagation network pathways 

with maximum conductivity. 

5 
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