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New s-Block Metal Pyridinedicarboxylate Network Structures
through Gas-Phase Thin-Film Synthesis

Jenna Penttinen, Mikko Nisula, and Maarit Karppinen*[a]

Abstract: The combined atomic and molecular layer deposi-
tion (ALD/MLD) technique offers a unique way to build—
both known and previously unknown—crystalline coordina-
tion polymer materials directly from gaseous precursors in a
high-quality thin-film form. Here, we demonstrate the ALD/

MLD of crystalline Li-, Na-, and K-based 3,5-pyridinedicarbox-
ylate (3,5-PDC) thin films; the Li2-3,5-PDC films are of the

known Li-ULMOF-4 crystal structure whereas the other as-
deposited crystalline films possess structures not previously

reported. Another exciting possibility offered by ALD/MLD is

the deposition of well-defined but amorphous metal–organ-
ic thin films, such as our Mg-, Ca-, Sr-, and Ba-based 3,5-PDC
films, which can then be crystallized into water-containing
structures through a post-deposition humidity treatment. All

together, the new metal–organic structures realized in this
study through ALD/MLD comprise a majority of the (anhy-

drous and water-containing) members of the s-block metal
3,5-pyridinedicarboxylate family.

Introduction

Coordination polymer (CP)-type metal–organic structures
based on s-block metal centers and aromatic polycarboxylates

as the organic linkers have attracted increasing interest as the
electropositive alkali and alkaline earth metals form—com-

pared to transition metals—stronger ionic bonds to the car-
boxylate oxygen atoms, thus providing us with exciting new
chemistry features.[1–3] The open/porous structures expected

for many of these materials make them promising material
candidates for, for example, gas storage, sensors, smart mem-
branes, and electrochemical electrodes; these structures could
also serve as a new platform for non-native functionalities.

Pyridinedicarboxylic (PDC) acids are particularly interesting
organic linker molecules with their rigid skeletons and multiple
coordination sites, as they can act in a multidentate fashion,
their N and O acceptors can participate in hydrogen-bonding
interactions, and they may also exhibit p–p interactions be-

tween the stacked benzene rings.[4–6] All of these intermolecu-
lar interactions play an important role in stabilizing the struc-

ture and forming the extended polymeric system. Depending
on the relative positions of the pyridyl and carboxylate groups
we may expect different network structures for these materials.

For the first-row transition metals and lanthanides a variety of
coordination schemes and topologies have been realized,[7–9]

and in some cases with the most oxophilic lanthanides and al-
kaline earth metals the pyridyl-N has been interestingly ob-

served to remain as a non-coordinated freely accessible Lewis
basic site within the porous framework.[10–14]

In case of the s-block metals, whereas for example, the 1,4-
benzenedicarboxylate or so-called terephthalate (TP) structures

have been well investigated,[15,16] with the highly symmetrical
3,5-PDC acid only the lithium 3,5-pyridinedicarboxylate (Li2-3,5-
PDC) structure has been realized through conventional solvo-

thermal synthesis (without incorporated water molecules). In-
terestingly, although all the alkali and alkaline earth metal ter-

ephthalates have layered crystal structures, Li2-3,5-PDC has—
owing to the higher degree of freedom for possible coordina-
tion modes provided by the involvement of the pyridyl nitro-
gen—a 3D network structure, named Li-ULMOF-4 (ULMOF

stands for ultra-light metal–organic framework, see Figure 1).[17]

For Na, Mg, Ca, Sr, and Ba solvothermal synthesis has yielded
water-containing metal-3,5-PDC CP-type structures (see
Figure 1 for representative examples).[4–6,18–23] This is in line
with the general observation that the s-block metal-based CP

structures are more prone to absorb guest water molecules
than, for example, the transition-metal-based structures.[24–27]

Furthermore, due to the ionic network, they are more flexible
to rearrange their crystal structures from one crystal structure
to another, for example, upon intercalation/deintercalation of

coordinated water/solvent molecules.[12,28]

A viable assumption is that solvent-free conditions could

promote the synthesis of anhydrous metal pyridinedicarboxy-
late network structures, and in this work, we demonstrate that
this is indeed true. We employ the strongly emerging atomic/

molecular layer deposition (ALD/MLD) thin-film technique[29,30]

for the direct single-step synthesis of novel alkali and alkaline

earth metal pyridinedicarboxylate materials. The combined
ALD/MLD technique is—like its parent commercially well-es-

tablished ALD technology[31]—based on self-limiting gas-sur-
face reactions of alternating pulsed gaseous precursors. This
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enables the large-area uniformity and precise thickness control

of the resultant thin films. The difference between ALD and
MLD is in the precursors ; in ALD the precursors are inorganic

(metal complexes, water, ammonia, etc.), whereas in MLD they
are purely organic. In ALD/MLD the deposition cycle consists

of sequential pulses of a metal-containing precursor and an or-
ganic precursor to yield hybrid metal–organic thin films with

an atomic/molecular level accuracy.

New ALD/MLD processes have been actively developed for a
decade, but up until a few years ago it seemed that the tech-

nique was only capable to yield amorphous metal–organic
thin films.[29,30] Initially, efforts were made to apply different

post-deposition treatments to crystallize CP-type metal–organ-
ic structures from amorphous as-deposited films,[33–35] but

three years ago we succeeded in growing the first in situ crys-

talline ALD/MLD metal–organic thin films.[36–44] In particular and
most relevant to the present work, we recently fabricated a

series of crystalline s-block metal-based terephthalate thin
films with “sheet-like” ordered structures through ALD/MLD,

and investigated their water-intercalation characteris-
tics.[36,38, 41,42] Now in the present work, we challenge for the
first time s-block metal–PDC materials with the anticipation to

discover novel CP-type structures. Moreover, fabricating these
structures (with even so-called open metal sites for enhanced
guest molecule absorption[45–47]) by using the industry-feasible
ALD/MLD technique could be an important step along the

roadmap towards devices based on new exciting metal–organ-
ic materials for, for example, microelectronics and sensing ap-

plications.[3, 48]

Results and Discussion

We investigated the pyridinedicarboxylic acid ALD/MLD pro-

cesses for the following s-block metal (M) components: Li, Na,
K, Mg, Ca, Sr, and Ba; in each case the corresponding M(thd)

(thd=2,2,6,6-tetramethyl-3,5-heptanedione) complex was used

as the metal precursor and most of the depositions were car-
ried out at 220 8C; the metal precursor and the deposition tem-

perature were taken from our previous ALD/MLD work on the
M(thd)++TPA (TPA= terephthalic acid) processes[41] to enable

the straightforward comparison. However, it should be men-
tioned that we carried out a number of additional depositions

at different temperatures to confirm that the main conclusions,

for example, for the crystallinity of the films remained the
same independent of the deposition temperature used.

First of all, the Li(thd)++3,5-PDC process was found to yield
highly crystalline thin films for which the grazing incidence

X-ray diffraction (GIXRD) pattern (Figure 2) could be readily in-
dexed according to the Li-ULMOF-4 structure reported for bulk

Li2-3,5-PDC samples. In Figure 2 we also re-plot a representa-

tive GIXRD pattern for our previously reported Li2-TP films for
comparison, to show that the diffraction pattern for the pres-

ent films grown with the Li(thd)++3,5-PDC process consists of
more diffraction peaks; we tentatively interpret this as an indi-

cation of a lower symmetry.

All the other M(thd)++3,5-PDC processes were also found to
yield homogeneous thin films, but not necessarily in situ crys-

talline, see the GIXRD patterns in Figure 3. Crystalline films
were obtained (besides Li) with Na and K, whereas those with

Mg, Ca, Sr, and Ba were amorphous. In Figure 3, we also dis-
play the FTIR spectra for the same as-deposited thin films. For

the K-based film a broad band is seen around ñ=3400 cm@1,

indicative of incorporated water. Apparently the as-deposited
K-based films absorb water extremely rapidly in open air, form-

ing an unknown crystalline water-containing structure. To be
able to verify the anhydrous phase, we additionally deposited

K(thd)++3,5-PDC films with a subsequently ALD-grown 4 nm
thick Al2O3 capping layer to prevent the immediate water ab-

Figure 1. Some of the crystalline CP/MOF structures so far identified in solution-synthesized bulk samples for s-block metal 3,5-pyridinedicarboxylates: Li2-3,5-
PDC (and Li2-TP for comparison) and the water-containing Na-, Mg-, Ca-, Sr-, and Ba-based 3,5-pyridinedicarboxylates;[4–6, 15,17–19] structures drawn by using the
VESTA[32] software. These representative structures were chosen as they turned out to be the most probable candidates to explain the crystal structures of
our atomic and molecular layer deposition (ALD/MLD) thin-film materials.

Figure 2. GIXRD patterns for thin films deposited at 220 8C with the Li(th-
d)++TPA (for comparison) and Li(thd)++3,5-PDC processes. The calculated pat-
terns below the measured ones were produced from the reported crystal
structures by using the VESTA[28] software.[15,17]

Chem. Eur. J. 2019, 25, 11466 – 11473 www.chemeurj.org T 2019 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim11467

Full Paper

http://www.chemeurj.org


sorption of the hybrid film. In Figure 3, the GIXRD and FTIR

data are shown for such an Al2O3-capped film as well ; indeed,

the FTIR spectrum does not show any indication of absorbed
water and the GIXRD pattern reveals that the anhydrous phase

is crystalline too, but with a structure different from that seen
for the water-containing films. In literature, no anhydrous Na-

or K-based pyridinedicarboxylate structures have been report-
ed. Hence, we could conclude that our ALD/MLD processes

have the capacity to yield thin films of new alkali metal

3,5-PDC network structures. Unfortunately, based on the GIXRD
data only, it is not possible to solve such unknown/new metal–

organic crystal structures. In the case of the Na-based film—as
will be discussed in detail later—the GIXRD pattern resembles

the one calculated from the reported crystal structure of the
water-containing Na2-PDC(H2O)4 compound previously synthe-

sized in bulk form through solvothermal synthesis.[4]

Although we were unable to solve the crystal structures of
the new alkali metal 3,5-PDC phases based on the GIXRD data,

it was possible to address the bonding structures in these
phases on the bases of the FTIR spectra shown in Figure 3.

Firstly, we note that for all our M-3,5-PDC thin films (except for
the un-capped K-3,5-PDC film, which contains post-deposition

absorbed water) the region around ñ=1720 cm@1 lacks the ab-

sorption band due to completely free COOH acid groups; this
confirms that during the ALD/MLD process the dicarboxylic
acid precursor reacts either with the metal species or with
water molecules through hydrogen bonding. Then, the domi-

nant absorption bands seen in all the spectra around ñ=1400
and 1600 cm@1 arise from the asymmetric and symmetric

stretching vibrations of the carboxylate group, respectively.
The broader COO@ bands seen for the Mg-, Ca-, Sr-, and Ba-
based films in Figure 3 are consistent with the amorphous

nature of these films (with more variation in the M@COO@

bonding),[49] whereas for the crystalline Li-, Na-, and K-based

films the peaks are visibly sharper. Most importantly, the dis-
tance (D) between the two carboxylate absorption bands pro-

vides us an estimation about the bonding mode, as follows:

for unidentate coordination D>200 cm@1, for bidentate chelat-
ing coordination 50<D<150 cm@1, and for bidentate bridging

coordination 130<D<200 cm@1.[49,50] As an example, we com-
pare in Figure 4 enlarged spectra for the two Li-based thin

films of the known Li2-3,5-PDC and Li2-TP structures : for both
of these films the D value (146 cm@1 for Li2-3,5-PDC and

185 cm@1 for Li2-TP) is consistent with the bridging-type bond-
ing in their crystal structures. In Table 1, we list the D values

for all our thin-film samples; it can be seen that the as-deposit-

ed anhydrous films have either bidentate bridging or bidentate
chelating coordination. The FTIR spectra moreover confirm the

participation of the pyridyl-N entity in the metal coordination
or in the hydrogen bonding with water molecules; the corre-

sponding absorption feature is seen around ñ=1450 cm@1, as
indicated in Figure 4 in the case of Li2-3,5-PDC.

Next, we discuss the water absorption behaviors of all the
as-deposited (crystalline and amorphous) M(thd)++3,5-PDC thin

films during an extended storage in open air (relative humidity
(RH)=30%), and also upon applying a room-temperature hu-

midity treatment under RH=75% conditions, followed by a
subsequent thermal annealing in air (see Figure 5). Note that

Figure 3. GIXRD patterns and FTIR spectra for thin films grown at 220 8C
with the different M(thd)++3,5-PDC processes. In the case of M=K, films
were also deposited with a 4 nm thick Al2O3 capping layer to prevent the
immediate water absorption.

Figure 4. Comparison of the FTIR spectra recorded for as-deposited Li2-TP
and Li2-3,5-PDC thin films; in the latter spectrum—besides the symmetric
and asymmetric carboxylate peaks—features due to the pyridyl nitrogen
(PR) participating in the metal coordination are seen.[15, 17]

Table 1. Summary of the FTIR data for all thin-film samples and the 3,5-
PDC precursor : symmetric and asymmetric carboxylate bands (and the
corresponding D values) and the N-bond absorption values given in
cm@1; b stands for a broad peak, f for a free pyridyl nitrogen/carboxylic
acid, m for a metal coordinated to the pyridyl-N or a carboxylate, and h
for a water molecule having hydrogen bonding to the pyridyl-N or to a
carboxylate.

Sample Sym Asym D N bond

3,5-PDC 1304 1720 416 (f) 1421, 1602 (f)
Li-PDC 1425 1571 146 (m) 1450, 1610 (m)

1390 1648 258 (m)
Na-PDC 1417 1571 154 (m) 1454, 1614 (m)

1396 1646 250 (m)
Na-PDC-H2O 1404 1547 143 (m) 1436, 1602 (m)

1371 1666 295 (h)
K-PDC 1403 1568 165 (m) 1442, 1607 (m)

1374 1632 258 (m)
K-PDC-H2O 1407 1567 160 (m) 1442, 1614 (m)

1371 1699 328 (h)
Mg-PDC 1398 (b) 1569 (b) 171 (m) 1442, 1618 (m)
Mg-PDC-H2O 1382 1562 180 (m) 1446, 1610 (m)
Ca-PDC 1386 (b) 1564 (b) 136 (m) 1454, 1609 (m)
Ca-PDC-H2O 1432 1557 125 (m) 1452, 1601 (h)

1389 1673 284 (h)
Sr-PDC 1380 (b) 1556 (b) 129 (m) 1448, 1608 (m)
Sr-PDC-H2O 1423 1552 170 (m) 1454, 1596 (h)

1382 1614 232 (h)
Ba-PDC 1376 (b) 1549 (b) 136 (m) 1448, 1601 (m)
Ba-PDC-H2O 1378 1547 169 (m) 1448, 1601 (h)
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from previous studies for the known water-containing s-block

metal pyridinedicarboxylate bulk samples, the coordinated
water molecules tend to detach upon heating in a continuous

fashion in the temperature range of 70–225 8C, whereas the
basic framework structures remain stable up to 500 8C or even

beyond (before pyrolysis of the organic linker upon further
heating).[4, 17,20] Here, we carried out the heat treatments at

400 8C for the K-, Ca-, and Ba-based films and at 300 8C for the
others.

For the Li2-3,5-PDC films no changes in the GIXRD pattern
were seen during the standard storage at approximately

RH=30% or upon the aforementioned humidity or heat treat-
ments. This is in line with the data previously reported for bulk
Li2-3,5-PDC samples.[17] From the GIXRD data collected for the

other samples after the different treatments (Figure 5), it can
be seen that all the other samples experience some changes.
For the Na-based films stored at RH=30% or humidity-treated
at RH=75% the GIXRD patterns are consistent with the 3D
water-containing Na2-3,5-PDC(H2O)4 structure previously de-
tected in bulk samples.[4] Comparison of the GIXRD patterns

for our anhydrous and water-containing Na-based films reveals

that the patterns are very similar but not entirely identical ; the
pattern for the watery film exhibits several additional peaks

suggesting that the coordinated water adds some complexity
to the crystal structure.

From Figure 5, the as-deposited amorphous Mg-, Ca-, Sr-,
and Ba-based films are all found to crystallize upon the humid-

ity treatment; then when the films are heat treated they

become amorphous (or nearly amorphous in the case of Ca
and Ba) again, implying that the coordinated water molecules

are apparently needed to satisfy the coordination requirement
of the corresponding crystalline networks. The GIXRD pattern

for the hydrated Ba-based film is essentially compatible with
the known Ba-3,5-PDC(H2O)3 having a 2D structure,[6] whereas

the GIXRD patterns for the hydrated Mg-, Ca-, and Sr-based

films are somewhat different from those expected for the
Mg-3,5-PDC(H2O)·H2O (3D), Mg-3,5-PDC(H2O)2 (2D), Ca-(3,5-

PDC)2(H2O)10·2H2O (0D), Ca-3,5-PDC(H2O)2 (2D), Sr-3,5-
PDC(H2O)2 (2D), and Sr-3,5-PDC(H2O)4 (1D) structures known

from bulk samples.[5, 18–20,22,23] This is not strange, as the binding
mode and coordination number are likely to depend on the
amount of coordinated water; this is at least what has been re-

ported for water-containing strontium terephthalate bulk sam-
ples (possessing mono-, tri-, and tetrahydrated structures be-
sides the anhydrous structure)[51] and for water-containing
strontium 3,5-PDC bulk samples (possessing di- and tetrahy-

drated structures).[5, 23] It should also be mentioned that the
water-containing Mg-, Ca-, Sr-, and Ba-based structures found

in our thin films remain crystalline even at low-humidity condi-
tions once formed under the high-humidity conditions. On the
other hand, the as-deposited amorphous films do not absorb
enough water to turn into crystalline form during storage at
RH= 30%, and the watery structures obtained after treating

the film at RH=75% again lose the absorbed water (and
become amorphous) when being heat treated at 300–400 8C.
We moreover confirmed that these reversible water absorp-
tion/desorption-derived changes could be repeated several
times without breaking the basic metal–organic structure, as il-

lustrated for the Mg- and Sr-based films in Figure 5.
We used FTIR measurements—like for the as-deposited

films—to investigate the bonding schemes in our hydrated
thin films. The data confirmed the expected absorption bands

Figure 5. Left column) GIXRD patterns for variously treated thin films grown
with the different M(thd)++3,5-PDC processes; the Ca-, Sr-, and Ba-based
films behave similarly to the Mg-based one, and we therefore omit the
RH=30% data for them for the sake of simplicity. Right column) Compari-
son of the GIXRD patterns of the humidity-treated samples with all accessi-
ble diffraction data for the corresponding bulk samples,[4–6, 18,20–23] and then
indexed according to the literature data for which the closest resemblance
is found (placed closest to the experimental pattern). It should be noted
that the patterns shown here are for films grown with 200 ALD/MLD cycles
except in the right-column Na(thd)++3,5-PDC case, where the data are for a
thicker film grown with 1000 cycles (chosen in order to be able to verify
even the weakest diffraction peaks).
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arising from OH@ groups in the ñ=3400 cm@1 region for all our
hydrated thin films (not shown here). For the Na-based film we

could nicely corroborate the expected Na2-3,5-PDC(H2O)4 struc-
ture (see Figure 6). The two strong absorption peaks at

ñ=3457 and 3390 cm@1 are due to the n(O@H) vibrations of
the terminal and m2-bridging-type coordinated water mole-
cules, whereas the absorption bands at ñ=1547 and
1404 cm@1 arise from the asymmetric and symmetric stretching
vibrations of the carboxylate group, respectively, in line with

the spectra reported for bulk Na2-3,5-PDC(H2O)4 samples.[4] The
D value (143 cm@1) for our thin-film sample implies towards a
bridging bonding mode. However, the carboxylate peaks are
split,[46,50] such that there is another set of peaks at ñ=1666

and 1371 cm@1 with D=295 cm@1. This second D value indi-
cates towards “free” carboxylic acid; in this case there are O@
H···O@H-bonds between hydrogen atoms from four water mol-

ecules and carboxylic oxygen atoms.[4]

The asymmetric and symmetric vibrations of the carboxylate
group and the absence of completely free carboxylic acid
could also be confirmed from a Raman spectrum measured for

the same sample (Figure 6). Finally, the shift in the position of
the pyridine-ring (PR) stretching band to higher wavenumbers,
from ñ=1421 cm@1 for the 3,5-PDC precursor to ñ=1436 cm@1

for the hydrated Na(thd)++3,5-PDC film can be interpreted as
an indication of the pyridine-N coordination to the Na+

ion.[52,53] Another PR stretching is seen at approximately
ñ=1602 cm@1 for both the thin film and the 3,5-PDC precursor.

Also, around ñ=1577 cm@1 a weaker vibration band refers to a

conjugated PR due to the weaker aromaticity of the salt.[53]

We summarize our FTIR findings for all the samples, both an-

hydrous and water-containing, in Table 1. For some of the sam-
ples, the carboxylate entity possesses two different coordina-

tion modes, seen as two different D values were found. The
smaller D value originates from a more tightly bound carboxyl-

ate, whereas the larger D value refers to a more loosely bound
carboxylate.[50] Some of the structures lack the second wider

peak separation, indicating that both carboxylic acids in the
3,5-PDC are coordinated to metal centers in an essentially simi-

lar way. For the amorphous thin-film samples the peak posi-
tions are not accurate due to the broader COO@ bands.

We employed both optical and scanning electron microsco-
py to investigate the morphologies in our metal–organic thin
films. Here, we show in Figure 7 as an example, images for the

Mg- and Sr-based thin films before and after a humidity treat-
ment. The amorphous anhydrous films have seemingly

smoother film surfaces (Figure 7a) compared to the crystalline
water-containing films that have observable shapes due to
crystallization. The crystalline Mg-based film has a more contin-
uous and granular morphology (Figure 7b), whereas the crys-

tals in the Sr-based film are more clearly visible (Figure 7c).

Finally, we investigated the deposition parameters and con-
firmed the expected controllability of our new ALD/MLD pro-

cesses based on the metal–thd and 3,5-PDC precursors. Most
systematic experiments were carried out for the Mg(thd)2++3,5-

PDC process; in the following we hence report these results in
detail. Initially, we fixed the deposition temperature to 220 8C
and the number of ALD/MLD cycles to 200, and investigated

the growth-per-cycle (GPC) values as a function of the precur-
sor pulse lengths. The GPC values were calculated from the

X-ray reflectivity (XRR)-determined film thickness values; an ex-
ample of a typical XRR curve is shown in the inset of Figure 8c.

From Figure 8b it can be seen that the GPC value is well satu-
rated when the Mg(thd)2 pulse length is 5 s (subsequent N2

Figure 6. FTIR and Raman spectra for a hydrated Na-based thin film together
with an FTIR spectrum for the 3,5-PDC precursor powder for comparison.
The FTIR data are interpreted based on the known Na2-3,5-PDC(H2O)4 struc-
ture.[4]

Figure 7. Top row) SEM images for amorphous anhydrous (left) and crystal-
line (right) water-containing Mg-based films. Inserts show the same sample
with different scale measured with SEM (a) and optical microscope (b).
Middle row) Optical microscope images for a crystalline water-containing Sr-
based film. Bottom row) SEM images for the same sample.
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purge length 5 s) and the 3,5-PDC precursor pulse length is

15 s (subsequent N2 purge length 30 s). It should be men-
tioned that very similar pulse length values are typically used

for many other organic precursors in ALD/MLD processes.[29, 41]

We then fixed these pulse/purge lengths for the rest of the ex-

periments. From Figure 8a can then be seen that with increas-

ing deposition temperature the film growth rate decreases,
which is also a common feature with carboxylic acid precursors

in ALD/MLD.[41,54, 55] The expected fact that the film thickness
increases with the number of ALD/MLD cycles applied is seen

from Figure 8c.
Our new ALD/MLD M(thd)++3,5-PDC processes worked in an

essentially similar manner for all the s-block metal constituents.

The GPC values for the Li-, Na-, and K-based processes were
2.5, 3.7, and 3.5 a per cycle, respectively, and for the Mg-, Ca-,

Sr-, and Ba-based processes 2.4, 3.7, 4.2, and 3.6 a per cycle, re-
spectively. Apparently the possible in situ crystallinity of the

growing film does not have any clear effect on the GPC value.
In our previous study for the alkali and alkaline earth tere-

phthalate thin films, the GPC values were essentially on the

same level, that is, around 3 a per cycle.[41] For amorphous Eu-
and Er-based 3,5-PDC films, on the other hand, slightly lower
GPC values in the range of 2.0–2.4 a per cycle, were ob-
served,[56–58] possibly due to the more pronounced steric hin-

drance by the three-ligand Eu(thd)3 and Er(thd)3 precursors.

Conclusion

We have demonstrated that coordination polymer thin films
where the 3,5-pyridinedicarboxylate anion acts as the organic

linker can be fabricated in a single-step process from gaseous
precursors for most of the members of the s-block metal

family. For the alkali metals the as-deposited anhydrous films

were crystalline, whereas for the alkaline earth metals they
were amorphous. The remarkable fact to note is that prior to

the present work, only the Li2-3,5-PDC compound was known
among the water-free structures. Our results thus underline

the important role of solution-free conditions for the stabiliza-
tion of anhydrous metal–organic framework structures.

We also extensively investigated the post-deposition water-

absorption behaviors of our new ALD/MLD metal–organic thin
films, both the crystalline and amorphous ones. Intercalation

of water or other guest species is of major issue—either posi-
tive or negative—for many of the potential future applications

of the coordination-network materials in, for example, elec-

tronics, sensors, and other high-tech products. Equally impor-
tant is to understand the water intercalation characteristics

from the fundamental chemistry point of view, in particular for
the s-block metal-based structures with relatively ionic bonds.

Here, among our as-deposited anhydrous M-3,5-PDC thin films
all, except the Li-based film, were found to absorb water to

form crystalline—either known or unknown—water-containing

M-3,5-PDC phases. Although the new crystal structures could
not be addressed based on the GIXRD data, we were neverthe-

less able to discuss the bonding structures in these new mate-
rials based on our systematic FTIR data.

Finally, we summarize in Figure 9 all the anhydrous and
water-containing M-3,5-PDC thin-film phases realized—both
amorphous and crystalline—together with the corresponding

M-TPA phases for comparison. Having now so many members
of these four families synthesized, it would be interesting to
start to look for possible trends in their properties. Here, we
determined the densities for all these materials from the XRR

data (Figure 9). Two observations are immediate: firstly, for all
the metal constituents, water absorption decreases the densi-

ty; secondly, compared to the corresponding TPA phases the

3,5-PDC phases are less dense (Sr being the only exception).

Experimental Section

Thin-film deposition : In our ALD/MLD processes we employed
metal-thd complexes (thd=2,2,6,6-tetramethyl-3,5-heptanedione;
synthesized in-house) as metal precursors and 3,5-pyridinedicar-
boxylic acid (3,5-PDC; Tokyo Chemical Industry CO., Ltd. 98.0%
purity) as the organic precursor. The depositions were carried out
in a commercial flow-type hot-wall ALD reactor (F-120 by ASM Mi-
crochemistry Ltd). The solid precursors were kept in open glass
crucibles inside the reactor. The reactor pressure was approximate-

Figure 8. GPC values for the Mg(thd)2++3,5-PDC process as a function of a) the deposition temperature and b) the precursor pulse lengths. c) Thickness of the
films as function of the number of ALD/MLD cycles (the inset shows an experimental XRR pattern and its fitting for a film with 300 cycles). The deposition
temperature was 220 8C, the number of ALD/MLD cycles was 200 (in a and b), and the metal/3,5-PDC precursor pulse lengths were 5 s/15 s (in a and c).
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ly 3 mbar and nitrogen (99.999%; Parker HPN 5000 N2 generator)
was used both as the purging and carrier gas.

The thin films were deposited on Si(100) substrates (3.0V3.0 cm2),
initially at different temperatures in the range of 190–300 8C de-
pending of the precursor used. The sublimation temperatures were
175, 180, 220, 115, 198, 180, and 210 8C for Li(thd), Na(thd), K(thd),
Mg(thd)2, Ca(thd)2, Sr(thd)2, and Ba(thd)2, respectively, and 190 8C
for 3,5-PDC. For the final comparative investigations, all the deposi-
tion processes were conducted at 220 8C, because this temperature
was found suitable for all the processes and it was from the lower
side of the temperature range. The pulse/purge lengths for the in-
organic precursor pulses were 4 s/4 s for Li(thd), Na(thd), and
K(thd) and 5 s/5 s for Mg(thd)2, Ca(thd)2, Sr(thd)2, and Ba(thd)2. The

3,5-PDC pulse/purge length was 15 s/30 s for all processes. The
capping layer of 4 nm thick Al2O3 was deposited (on some humidi-
ty-sensitive films) with 2 s/2 s TMA (TMA= trimethylaluminum) and
2 s/5 s H2O pulse/purge with 40 cycles at 150 8C.

Characterization : The crystallinity/crystal structure was confirmed
for the films by using grazing incidence X-ray diffraction (X’Pert
Pro, PANalytical ; CuKa) measurements. The film thickness and densi-
ty were determined through X-ray reflectivity measurements by
using the same equipment. In the measurements, the time per
step was set at 20 and 6 s in GIXRD and XRR, respectively, and in
the GIXRD measurements, an incidence angle of 0.58 was used.
The film thickness values were determined from the averages of
the values calculated by using the direct calculation and the Fouri-
er methods. For some of the samples (in particular those with
some surface adsorption/absorption of water) the XRR data were
fitted with the X’Pert Reflectivity software by using a multilayer
model. For the thickest films (>100 nm) the thicknesses were de-
termined with spectroscopic ellipsometer measurements with a
Woollam spectroscopic ellipsometer by using the CompleteEASE
software for data analysis. The density of the films was deduced
from the critical angle qc in the XRR patterns, as follows:
1e= (qc

2p)/(l2re), in which 1e is the mean electron density, l is the
X-ray wavelength, and re is the classical electron radius. By assum-
ing the elemental composition being that of pure alkali/alkaline
earth metal-3,5-PDC, that is, M2C7H3O4N(H2O)n/MC7H3O4N(H2O)n, the
mass density was estimated from 1m= (1eA)/(NAZ), where A is the
average molar mass, NA is the Avogadro constant, and Z is the
average atomic number.

The morphology of the films was investigated with an Euromex
optical microscope having a fiber optic light source EK-1 and by
scanning electron microscopy (SEM) with a Tescan Mira3 with a
Schottky emitter. The SEM images were recorded by utilizing a sec-
ondary electron detector. A low voltage of 5 kV was used due to
the sensitivity of the samples. The SEM samples were coated with
5 nm 80/20 Au/Pd.

The chemical composition/bonding was studied by Fourier trans-
form infrared spectroscopy. The measurements were carried out in
a transmission mode with a Nicolet Magna 750 spectrometer in
the range of ñ=400–4000 cm@1 by using a resolution of 4 cm@1

and analyzed from 32 measured spectra. A spectrum of blank Si
was subtracted from the spectra to compensate for the effect of
the substrate. Raman spectra were obtained by using a Horiba
Jobin–Yvon Labram HR Raman spectrometer with an Ar ion laser
with a wavelength of l=514 nm as the light source.

The water absorption/desorption characteristics of the films were
investigated with humidity and heat treatments. In the humidity
treatments, the thin-film sample was stored in a glass box with
concentrated salt solution (NaCl) that gives 75% relative humidity
(RH). The relative humidity of the laboratory air was approximately
30%. In the thermal treatment tests, the sample was heat treated
in a muffle furnace (Nabertherm LT 9/11) in air at 300–400 8C for fif-
teen minutes.
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