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ABSTRACT: We report  the  synthesis,  structure,  and photoluminescence properties of  a  new

bismuth based luminescent metal-organic framework (LMOF). The framework is comprised of a

9-coordinated  Bi3+ building  unit  and  4',  4''',  4''''',  4'''''''-(ethene-1,1,2,2-tetrayl)tetrakis([1,1'-

biphenyl]-4-carboxylic  acid)  (H4tcbpe)  organic  linker,  which  has  strong  yellow  aggregation

induced emission (AIE). The structure can be viewed as two interpenetrated 4,4-anionic nets that

are stabilized by K+ ions forming 1-D helical inorganic chains by connecting bismuth nodes

through shared oxygen bonds. The as-made LMOF has a bluish emission centered at 459 nm

with an internal quantum yield of 57% when excited at 360 nm. The emission properties of the

1



LMOF  were  found  to  be  highly  solvochromic  with  respect  to  DMF.  Upon  partial  solvent

removal, the framework undergoes significant red-shifting to a greenish emission centered at 500

nm.  Complete  removal  of  DMF results  in  additional  red-shifting  fluorescence  coupled  with

structural changes. The resulting material has strong blue-excitable (455 nm) yellow emission

centered at 553 nm, with a quantum yield of 74%, which maintains after heating in air for five

days at 90 ˚C. This is the second highest QY value for blue-excited yellow emission among all

reported LMOFs.

Luminescent  metal-organic  frameworks  (LMOFs)  are  currently  being  studied  for  use  in

multiple  luminescence-based  applications,  including  chemical  sensing,  biosensing  and

biomedical imaging, thermometry, and general lighting.1-9 Our recent work has established that

LMOFs with strong yellow emission are potentially suitable to serve as the yellow phosphor in

commercial blue light driven phosphor-converted white light-emitting diodes (PC-WLEDs),10,11

which are rapidly replacing traditional lighting technologies (incandescent, compact fluorescent),

thanks to their lower energy consumption and longer lifetime.12 A common type of PC-WLEDs

utilizes a blue LED to excite a yellow phosphor, such as yttrium aluminum garnet doped with

cerium (YAG:Ce3+),  resulting in white  light through the combination of the blue and yellow

emissions.13,14 Most  commercial  yellow  phosphors  are  based  on  rare-earth  elements  (REE),

which  are  of  limited  supply  yet  rising  demand,  owing  to  their  importance  in  numerous

applications.15 It is anticipated that over time both their demand and price will continue to rise.

Thus,  the  development  of  alternative  yellow  phosphors  that  are  free  of  REEs  is  highly

desirable.16 
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One  approach  to  designing  strongly  emissive  LMOFs  is  to  integrate  a  strong  organic

fluorophore with desired optical properties along with a complementary metal. Previous work

reveals that structures based on the tetraphenylethylene core, which has minimal fluorescence in

solution but undergoes aggregation induced emission (AIE), show strong photoemission in the

blue-yellow range when bound to a framework.10,11,17-21 Further, our studies have shown that the

4', 4''',  4''''',  4'''''''- (ethene-1,1,2,2-tetrayl) tetrakis(([1,1'-biphenyl]-4-carboxylic acid)) (H4tcbpe)

derivative  has  strong  blue-excitable  yellow  emission  (~550  nm),  and  has  proven  a  prime

candidate to construct blue-excitable yellow phosphors.11 LMOFs constructed with tcbpe show

higher internal quantum yields (QY) and improved chemical and thermal stability compared to

the ligand.

Bismuth-based  materials  have  previously  gained  attention  for  potential  use  in

photoluminescence (PL) related fields.22-25 Currently, Bi has few commercial applications; it is

used mainly in pharmaceuticals and as metallurgical additives. Bismuth is the only non-toxic

heavy metal,  and is most commonly obtained as a byproduct during Pb, Cu, W, and Sn ore

refining.26 Despite being the last radioactively stable element on the periodic table, the cost of

bismuth  is  relatively  low.  According to  the  2015 Mineral  Commodities  Survey by the  U.S.

Department of the Interior, the average price of Bi from 2010 to 2014 was ~$22/kg, which was

about the same as the cost of Ni and about 50% cheaper than Co for the same time period. In

comparison, the average costs of 1 kg of Ce2O3, Eu2O3, and Tb2O3 were ~$25, $1530, and $1215,

respectively.27

Bi3+  has a stereoactive lone-pair of 6s2 electrons, resulting in flexible and often hemidirected

coordination geometry.28,29 Despite rich existing Bi-complex chemistry, and fifteen-plus years of

rapid MOF development with thousands of reported structures, there are still only a handful of
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reported bismuth  based MOFs (we  were  able  to  establish  <  20).30-44 Notably,  zur  Loye  and

coworkers have reported a number of Bi coordination polymers and their fluorescence properties

using pyridine dicarboxylate as ligand.44-48 Stock, Cheetham and co-workers have also reported a

small variety of interesting Bi-MOFs.32-34,38,39 We ascribe the scarcity of reported Bi based MOFs

to a few factors: 1) flexible coordination geometry of Bi3+, with the lone pair often resulting in

hemidirected coordination polyhedra and densely packed 1-D and 2-D coordination polymers, 2)

tendency of Bi3+ to form anionic frameworks as Bi has up to ten coordination sites, 3) hydrolysis

reactivity of Bi3+ to form oxides and hydroxides, and 4) limited solubility of Bi3+ salts. 

With these factors considered, we sought to optimize reaction conditions towards growing Bi-

MOFs integrating the H4tcbpe linker. By employing the large tetracarboxylate linker, void space

between Bi3+ nodes is maximized allowing for more flexible ligand positioning and promoting

the  formation  of  3-D  structures.  Potassium salt  added  during  synthesis  provides  +1  charge

balancing cations in the event of anionic framework formation. To slow both hydrolysis of the

Bi3+ cation and MOF crystal growth, we use a significant excess of a competing carboxylate

species (modulator). The utilization of mono-carboxylate species, such as benzoic acid and acetic

acid, has proven a critical method for obtaining single crystals in MOF synthesis; this has proven

especially effective in the case of zirconium based MOFs.49 Finally we use a bismuth cluster as

the  metal  source  in  place  of  commonly  utilized  Bi(NO3)3  ∙  5H2O to  address  solubility  and

hydrolysis concerns. Utilizing this synthetic strategy, a new BiK-tcbpe LMOF was obtained and

its optical properties were studied. 
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Figure 1. a) Structure plots of 1 along the crystallographic b-axis (left) and slightly rotated from

the a-axis (right). b) Coordination geometry of Bi3+ with approximate location of 6s2 lone pair

and polyhedral representation. c) Single Bi-tcbpe 4,4-connected net along the b-axis. d) Line

connectivity drawing showing the two-fold interpenetration of the Bi-tcbpe nets.
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Single  crystals  of  K[Bi(tcbpe)(DMF)2]∙xDMF  (1  or LMOF-401, Figure  1a,  DMF  =

dimethylformamide),  were   obtained  solvothermally  in  DMF  (100  ˚C,  3  days)  with  excess

benzoic acid added as a synthetic modulating agent (see Supporting Information S2 for synthetic

details). An easily prepared Bi-salycilate cluster was selected as the metal source, owing to its

ease of preparation, air stability, and solubility in DMF.50 Reactions using Bi(NO3)2 or BiPh3 as

the  metal  source  in  place  of  the  cluster  resulted  in  mixed  phases  and  different  products,

respectively. 1 crystallizes in a monoclinic crystal system with a C2/c space group (see S3, Table

S1); the asymmetric unit has one K+, Bi+3, tcbpe and two DMF molecules.51 The Bi3+ building

unit is overall coordinated to nine oxygen atoms with hemidirectional coordination geometry

owing  to  bismuth’s  lone  pair  (Figure  1b).  Four  carboxylates  from  four  tcbpe  linkers  form

bidentate coordination bonds to Bi3+, with the last oxygen from coordinated DMF. The overall

structure can be described as two interpenetrated 4,4-connected anionic 3-D nets comprised of

distorted tetrahedral Bi3+ and rectangular tcbpe building units (Figures 1b, 1c and 1d). The Bi3+

building  unit  has  highly  distorted  hemidirected  tetrahedral  geometry  with  respect  to  linker

connectivity (Figure 1b). Two planes are formed by two each of the four linkers which extend

throughout each net. The large linker size promotes some degree of linker flexibility, as observed

by a slight warping of each rectangular tcbpe ligand. Potassium cations residing between Bi 3+

building units form helical 1-D chains that connect and charge balance the two anionic nets

through  shared  µ3-O carboxylates  and coordinated  DMF,  shown in  Figure  1a  as  the  yellow

polyhedrons (see Figures S1 and S2 for additional structural depictions). 

The  observed  Bi-carboxylate  bonding  features  align  with  those  reported  previously  for

hemidirected Bi coordination polyhedrons.34,38,39,44 Each carboxylate pair has one short and one

long Bi-O bond, and one of the four carboxylates has slightly longer distances in both cases. The
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three short Bi-O carboxylate bond distances are 2.245, 2,283 and 2.336 Å, with corresponding

longer Bi-O bonds at 2.619, 2.641, and 2.657 Å, respectively. The last carboxylate has longer

distances of 2.480 and 2.705 Å. The coordinated DMF is responsible for longest Bi-O bond

(2.884 Å) resulting in gyroenlongation of the Bi3+ polyhedron, and shares a μ3-O bond with K+

(2.663  Å).  Potassium  coordinates  to  the  other  structural  DMF  molecule  through  a  lone

coordination bond (2.639 Å). The rest  of the coordination sphere around K+ is comprised of

shared oxygen atoms from the longest five Bi-O carboxylate bonds. The shortest of these K-O

interactions (2.600 Å) corresponds to the longest Bi-O carboxylate, with the rest of the bond

distances  falling  between  2.719  and  2.950  Å.  Through  these  shared  carboxylate  and  DMF

oxygen  atoms,  a  1-D  helical  chain  is  formed  connecting  the  two  interpenetrated  Bi-tcbpe

frameworks.

Significant changes in the materials’ optical absorption and emission properties were observed

after  desolvation  of  the  framework,  resulting  in  a  highly  emissive  blue-excitable  yellow

phosphor when fully “activated” (Figure 2a). This transformation was studied by incrementally

desolvating 1 under controlled conditions. The results show evidence of strong solvochromism

with respect to DMF content, and irreversible structural and optical changes upon full activation,

which likely corresponds to removal of coordinated DMF. 

As-made crystals of  1  (Figure 2a,  left) are near colorless and have an approximate optical

band-gap  of  2.70  eV,  as  estimated  from  the  optical  absorption  spectrum  (Figure  S7).

Photoexcitation at 360 nm results in strong blueish PL emission with a peak maximum of 459

nm (Figure 2b, black curve, see Figure S8 for excitation spectrum) and an internal QY of 57.7%

(±0.3%, see Table S1). The thermogravimetric (TG) data for as-made 1 shows 26.7% weight loss

corresponding to ~5.3 calculated DMF molecules per formula unit (Figure S3). The TG profile
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has  stepwise  weight-loss  up  to  ~160  C,  which  includes  both  guest  and  coordinated  DMF

molecules. As the structure was desolvated incrementally through both ambient exposure and

heating under nitrogen flow, changes in solvent content, optical absorption and emission, and

structure were monitored (see S5 of the SI for full details). Figure 2b shows the PL emission of 1

at  various  stages  of  solvent  removal,  and  corresponding  CIE  (Commission  International  de

I’Eclairage) coordinate plots are shown in Figure 2c. The colored legend at the bottom of the

figure lists the weight of DMF remaining in the sample, which was confirmed by the TG analysis

(see TG profile, 50 – 170   ̊C, Figure S3) and the calculated average number of corresponding

DMF molecules per formula unit. Changes in the PL excitation and optical absorption spectra

were also monitored at various stages and are shown in the supporting information (Figures S7

and S8).

Figure 2. Data for 1 at various stages of desolvation. The colored legend lists the percent weight

and  estimated  number  of  DMF  (per  formula  unit)  remaining  in  the  sample.  a)  Optical
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micrographs under ambient light (top row) and 395 nm UV light (bottom row). b) Emission

spectra,  λex = 360 nm. c) CIE coordinates calculated from the PL spectra. d) PXRD patterns

showing structural changes in response to DMF content.

As shown in Figure 2b, as DMF evacuates from 1, incremental PL red-shifting occurs. When

the DMF content reaches below ~3.7 DMF molecules per formula unit (Figure 2, purple), the

high-energy side of the PL emission band undergoes minimal  displacement compared to  the

initial red-shift, and instead, band-broadening is observed through red-shifting of the low-energy

side of the band.  With an average of ~3.1 DMF (Figure 2, navy), 1 appears light-yellow under

ambient lighting (Figure 2a, center) and has strong greenish PL emission (λmax = 490 nm), which

is still reversible through re-exposure to DMF. The PXRD pattern shows a small lone peak shift

from ~8.0˚ to 8.3˚. Below ~2.3 DMF (Figure 2, blue), two new small peaks in the PXRD pattern

are observed at ~4.3˚ and 8.7˚ signaling the emergence of a new phase (Figure S5). At this stage,

the emission continues to red-shift mainly through band-broadening, but is no longer entirely

reversible presumably due to the new phase being formed. The new PXRD peaks at 4.3˚ and 8.7˚

continue to grow in intensity with continued DMF removal, and shift slightly to lower angles.

When 1 approaches ~1 DMF, (Figure 2d, gold) the PXRD peaks corresponding to the original

phase are a minor contribution to the pattern, which is dominated by the newly formed phase.

The PL band-broadening also stops ~1 DMF per unit cell (Figure 2b, dark green, gold), at which

point the low energy side of the band remains stationary, but the high energy side begins to red-

shift again. This trend continues until the estimated DMF content per unit cell is close to zero, at

which point 1 is fully activated and now referred to as 1A. The PL emission of 1A (Figure 2b,

red trace) has a peak maximum of ~550 nm and is yellow in color (Figure 2c, red circle). The

red-shifting trend observed in the PL emission peak of 1 is also observed in the PL excitation and
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UV-Vis  absorption  spectra  for  various  stages  of  DMF evacuation  (Figures  S6 and S7).  The

irreversible structural changes possibly correspond to departure of coordinated DMF molecules,

which play an integral role in linking/stabilizing the two anionic nets through K+. As depicted in

Figure S1e, one of the μ3-O bridges linking potassium to bismuth is from coordinated DMF; loss

of this  DMF likely results  in  destabilization if  the 1-D inorganic chain resulting irreversible

structural changes. 

Figure 3. a) QY scaled PL excitation (dotted traces) and emission (λex = 455 nm, solid traces)

spectra for 1A (red), YAG:Ce3+ (black) and H4tcbpe (blue); excitation spectra monitored at 553

nm for 1A, 543 nm for YAG:Ce3+, and 550 nm for H4tcbpe. b-e) 10W blue LED chip (450-455

nm) uncoated and coated with 1A under ambient lighting (b,d) and powered on (9V DC) (c, e).

Following full  activation by heating at  90 ˚C for  five days (Figure  2,  red),  the  excitation

spectra for  1A (monitored at λem = 553 nm) shows a relative maxima plateau across the blue

10



region (400 - 455 nm, Figure 3, red dots). The estimated optical bandgap of the activated sample

is ~2.3 eV (Figure S6). When excited at 455 nm,  1A has yellow PL emission (λmax = 553 nm,

Figure 3, solid red curve) with CIE coordinates (0.410, 0.560) (Figure 2c), which are comparable

to those of YAG:Ce3+; CIE coordinates ≈ (0.420,0.560). The emission maximum of 1A is slightly

red-shifted compared to YAG:Ce3+, however the band is also slightly broader at the base on the

high-energy side, resulting in a slightly cooler emission overall. Notably, while not as high as

YAG:Ce3+ (QY = 95.0%), when compared to reported MOF yellow phosphors,  1A has the 2nd

highest QY of 74.0% (±  0.3%, Tables S2 and S3) when excited by blue light (455 nm). The

emission properties of 1A are similar to that of the pure H4tcbpe ligand (Figure 3, blue), however

with  a  red-shift  in  its  excitation  spectrum,  its  performance  at  blue  excitation  (455  nm)  is

significantly improved, giving a ~12% increase in QY. The emission profiles for the two are very

similar,  with  1A being  slightly  red-shifted  on  the  high  energy  side  of  the  emission  band.

Similarity in their PL profiles suggests that the emission of  1A is ligand based. A prototype

device was fabricated using a 10 W 450-455 nm blue LED to demonstrate the effect of coating

with 1A (Figures 3b - 3e, see SI Section S5 for coating details). 

In summary, a new bismuth-potassium-fluorophore LMOF, K[Bi(tcbpe)(DMF)2]∙xDMF, was

obtained using carefully considered synthetic conditions, and it’s structural and optical properties

were  studied.  The  new  material  was  found  to  have  highly  sensitive  solvochromic  optical

properties with respect to guest DMF solvent. The as-made LMOF has strong blue emission with

a QY of ~57% that undergoes significant optical red-shifting upon incremental removal of DMF.

Upon loss of structurally critical DMF molecules, irreversible structural changes occur paired

with additional optical red-shifting. The fully activated material has strong yellow emission (QY
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~74%) when excited by 455 nm blue light, making it a promising candidate as an alternative

blue-excitable yellow phosphor totally free of REEs.
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High-Performance Blue-Excitable Yellow Phosphor Obtained from an Activated 
Solvochromic Bismuth-Fluorophore Metal-Organic Framework

Benjamin J. Deibert, Ever Velasco, Wei Liu, Simon J. Teat, William P. Lustig, Jing Li

LMOF-401 is a rare example of a Bi-fluorophore LMOF with strong blue emission that converts 

to green and finally yellow upon removal of DMF molecules within the structure. The fully 

activated material shows strong yellow emission (~74% QY) under blue light (455 nm) 

excitation, and demonstrates promise for use as the phosphor coating in phosphor-converted 

white LEDs (PC-WLEDs).
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