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Abstract

:

There is a worldwide race to convert waste heat to useful energy using thermoelectric materials. Molecules are attractive candidates for thermoelectricity because they can be synthesised with the atomic precision, and intriguing properties due to quantum effects such as quantum interference can be induced at room temperature. Molecules are also expected to show a low thermal conductance that is needed to enhance the performance of thermoelectric materials. Recently, the technological challenge of measuring the thermal conductance of single molecules was overcome. Therefore, it is timely to develop strategies to reduce their thermal conductance for high performance thermoelectricity. In this paper and for the first time, we exploit systematically the effect of anchor groups on the phonon thermal conductance of oligo (phenylene ethynylene) (OPE3) molecules connected to gold electrodes via pyridyl, thiol, methyl sulphide and carbodithioate anchor groups. We show that thermal conductance is affected significantly by the choice of anchor group. The lowest and highest thermal conductances were obtained in the OPE3 with methyl sulphide and carbodithioate anchor groups, respectively. The thermal conductance of OPE3 with thiol anchor was higher than that with methyl sulphide but lower than the OPE3 with pyridyl anchor group.
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1. Introduction


Currently, nearly 10% of the world’s electricity is used by computers and the internet and converted to heat. This waste heat could be used to generate electricity economically, provided materials with a high thermoelectric efficiency could be identified [1]. The demand for new thermoelectric materials has led to a worldwide race to develop materials with a high thermoelectric efficiency [2,3,4,5,6,7,8,9,10,11]. The efficiency of a thermoelectric device is inversely proportional to its thermal conductance κ = κp + κe due to electrons (κe) and phonons (κp) [12]. Therefore, low-thermal-conductance materials are needed for an efficient conversion of heat into electricity. The state of the art thermoelectric figure of merit (ZT) was found in inorganic materials, e.g., 2.2 at high temperatures 900 K [13]. These inorganic materials are toxic, and their global supply is limited. Therefore, organic materials are now being considered [14].



Molecules are attractive candidates for thermoelectricity because their structure can be modified with atomic precision and desirable properties can be induced by the engineering of their structure [15,16]. They are also expected to show intriguing properties, such as room temperature quantum and phonon interference, that can be used to simultaneously increase their electrical conductance and Seebeck coefficient and to suppress their thermal conductance [17,18].



Just recently the technological challenge of measuring the thermal conductance of single molecules was overcome [19,20]. This opens new avenues to study the thermoelectric efficiency of single molecules [21,22]. To optimize molecular junctions for a maximum efficiency, strategies to increase their electrical conductance and Seebeck coefficient simultaneously and to suppress their thermal conductance should be developed. So far, thermal conductance of a few molecules, including C60 [23], alkanes [19,24], OPE2 derivatives [17], OPE3 [19,23], Benzene [25,26], Oligoyne [24], biphenyl-dithiol [17], bipyridyl and its radical counterpart [18], between gold electrodes has been calculated. Among these, thermal conductance of alkanes [19,20] and OPE3 [27] molecules with thiol anchor were measured. Table 1 shows a summary of room temperature thermal conductance calculations due to electrons (κe) and phonons (κp) of single molecules between gold electrodes using density functional theory (DFT) combined with the non-equilibrium Green’s function (NEGF) method for transport calculations and comparison with single molecule thermal conductance measurements. Previous studies show that the thermal conductance of single molecules is dominated by phonons. For example, the measured thermal conductance of OPE3 is 20 ± 6 pW/K [27]. The calculated contribution from electrons and phonons are 0.1 pW/K and 19 pW/K, respectively [27]. The thermal conductance can be controlled using electrically inert side groups and phonon interference through multipath molecular backbones [17,25,26,28,29].



In most of the molecular junctions, molecules are contacted to the electrodes via suitable anchor groups [30]. From Table 1, the calculated thermal conductance of alkanes is different in [24] (Alkanes with dihydrobenzo[b]thiophene (BT) anchor) and [20] (Alkanedithiol). While the electrodes and the molecular backbone are the same, these calculations use different anchor groups for alkanes. Therefore, it seems that the anchor group plays a significant role in the thermal conductance of molecules. In order to understand the effect of anchor groups on thermal conductance, a systematic study of a given molecular backbone with different anchor groups is needed. For this reason, we choose OPE3 and exploited its thermal conductance with different anchor groups including pyridyl (PY), thiol (S), methyl sulphide (SMe) and carbodithioate (CS) between two gold electrodes (see Figure 1). We found that thermal conductance due to phonons is affected significantly by the choice of anchor groups. For example, thermal conductance of OPE3 decreased by a factor of 2 from CS to SMe. This is significant because the thermoelectric figure of merit (ZT) is inversely proportional to thermal conductance, and therefore ZT can be enhanced by a factor of 2 using the choice of a suitable anchor group.




2. Results and Discussion


To study vibrational and thermal properties of junctions formed by OPE3 and different anchor groups, the geometry of OPE3 in gas phase and between gold electrodes was relaxed to the force tolerance of 5 meV/Å using the SIESTA [31] implementation of density functional theory (DFT), with a double-ζ polarized basis set (DZP) and the local density approximation (LDA) functional with Ceperley and Alder (CA) parameterization. A real-space grid was defined with an equivalent energy cut-off of 350 Ry. Following the method described in [12,24], a set of xyz coordinates were generated by displacing each atom from the relaxed xyz geometry in the positive and negative x, y and z directions with   δ q ′ = 0.01   Å  . The forces    F i q  =  (   F i x  ,  F i y  ,    F i z   )    in three directions    q i  =  (   x i  ,  y i  ,  z i   )    on each atom were then calculated and used to construct the dynamical matrix    D  i j   =  K  i j   q q ′   /  M  i j     where the mass matrix   M =    M i   M j      and    K  i j   q q ′   =  [   F i q   (  δ  q j ′   )  −  F j q   (  − δ  q j ′   )   ]  / 2 δ  q j ′    for   i ≠ j   obtained from finite differences. To satisfy momentum conservation, the K for   i = j   (diagonal terms) was calculated from    K  i i   = −   ∑   i ≠ j    K  i j    .



The phonon transmission    T p   ( ω )    can then be calculated from the relation    T p   ( ω )  = T r a c e  (   Γ L p   ( ω )   G p R   ( ω )   Γ R p   ( ω )   G p  R †    ( ω )   )    where    Γ  L , R  p   ( ω )  = i  (     ∑    L , R  p   ( ω )  −    ∑    L , R  p    †   ( ω )   )    describes the level broadening due to the coupling to the left (L) and right (R) electrodes,      ∑    L , R  p   ( ω )    is the retarded self-frequencies associated with this coupling and    G p R  =    (   ω 2  I − D −    ∑   L p  −    ∑   R p   )    − 1     is the retarded Green’s function, where D and I are the dynamical and the unit matrices, respectively.



Figure 1 shows the phonon transmission coefficient Tp for phonons with energy ħω traversing from one gold electrode to the other through OPE3 derivatives with different anchor groups. Tp was limited to phonons with energies ħω < 19 meV, which is the Debye frequency of Au electrodes [24]. The amplitude of Tp was generally higher for OPE3 with the pyridyl PY (Figure 1a) and carbodithioate CS (Figure 1d) anchors. The amplitude of Tp was noticeably lower for OPE3 with the methyl sulphide SMe anchor (Figure 1c) compared to that with the thiol S anchor (Figure 1b). This is due to a combination of two effects. First, our calculations show that the binding energy between Au-S in SMe (0.47 eV) was weaker than that of Au-S in thiol (2.08 eV). This is because SMe makes a coordination bond to Au whereas the bond between Au–S in thiol is a stronger covalent bond. This means that the vibrational coupling between Au–S is stronger with thiol compared to the SMe anchor. Secondly, phonon interference [17] due to CH3 side group in SMe led to the suppression of Tp. The phonon waves transmitted through sulphur atoms interfered destructively with the reflected waves by CH3 groups for given frequencies, leading to the suppression of Tp. This is like a guitar string, where waves with certain frequencies are suppressed by pressing the string at different points.



Using Tp, the phonon thermal conductance    κ p    at temperature  T  was calculated from    κ p   ( T )  =    (  2 π  )    − 1     ∫  0 ∞  ℏ ω  T p   ( ω )   (  ∂  f  B E    (  ω , T  )  / ∂ T  )  d ω   where    f  B E    (  ω , T  )  =    (   e  ℏ ω /  k B  T   − 1  )    − 1     is the Bose–Einstein distribution function,  ℏ  is the reduced Planck’s constant and    k B    is the Boltzmann’s constant [12]. Figure 2 shows thermal conductance for OPE3 with the PY, S, SMe and CS anchor groups.    κ p    increases with temperature T and saturates for temperatures higher than 150 K. This saturation of    κ p    is mainly because of the small Debye frequency of gold electrodes [24]. The order of thermal conductances for different anchors is as follows: OPE3–CS (34 pW/K) > OPE3–PY (30 pW/K) > OPE3–S (25 pW/K) > OPE3–SMe (19 pW/K). Clearly, thermal conductance due to phonons is influenced strongly by the choice of anchor groups and the lowest thermal conductance is obtained for the molecule with the SMe anchor group. The thermal conductance of OPE3 with the SMe anchor was about two times lower than that with the CS anchor.



To understand the DFT result further, we constructe a simple tight binding (TB) model of ball and springs with one degree of freedom per site and the spring constant   γ = 61.3 ×   10   − 3   e V   (Figure 3a) connected to two one dimensional leads through a week coupling. Figure 3b shows the phonon transmission coefficient using the TB model for junctions with different anchor groups. Note that for simplicity, we have considered all spring constants  γ  the same. The phonon thermal conductance showed a similar trend to the DFT result    κ p  C S   >  κ p  P Y   >  κ p S  >  κ p  S M e    . The only difference between the junction with S and SMe anchors is the additional pendent side groups in SMe (Figure 3a). These pendent side groups attached to S clearly leads to the suppression of Tp resonances for the high frequency phonons and consequently to the decrease of the thermal conductance in OPE3 with the SMe anchor groups. The width of the Tp resonances with the CS anchor group was larger. CS anchors were connected to the electrodes from two points (inset of Figure 1d); thus the overall coupling strength to electrodes is higher. This leads to the larger broadening of Tp resonances in OPE3 with the CS anchor groups, leading to a high thermal conductance. Note that thermal conductance is proportional to the area under Tp curve that increases when width of a resonance increases.



The thermal conductance of OPE3 with the PY anchor is larger than that of with the S anchor. The only difference between these two junctions in the simple TB model is the additional sites at the two ends of the molecule (Figure 3a). There are two competing effects associated with this. First, the level spacing between resonances decreases when the size of the system (the number of atoms) increases. As a result, the thermal conductance is expected to increase because more resonances moved into the energy window defined by the Bose–Einstein distribution function at room temperature. Secondly, the resonance width decreases. This is because the length of the junction increases and, consequently, the density of phonon state at the two end points decreases, leading to the smaller broadening of the resonances. Clearly, the first effect is dominant here and thermal conductance increased from the S to PY anchor.



It is worth mentioning that thermal conductance is dominated by phonons in molecular junctions. For example, the room-temperature thermal conductance due to electrons and phonons in 4,4′–bipyridy connected to gold electrodes are 0.17 pW/K and 34.8 pW/K, respectively [17]. This is because the off-resonance thermal conductance due to electrons is approximately proportional to electrical conductance fromo the Wiedemann–Franz law [12,32] (e.g., κe = αG where G is electrical conductance and α = 7.3 × 10-6 at room temperature). Since molecules normally show a small electrical conductance, their thermal conductance due to electrons is small. Our result demonstrates that a suitable choice of anchor group can be used to suppress thermal conductance and enhance the thermoelectric figure of merit and efficiency of molecular thermoelectric devices.




3. Conclusions


In this paper, we investigated the effect of anchor groups on thermal conductance of single OPE3 molecules. We showed that thermal conductance is affected significantly by the choice of anchor group. The thermal conductance of OPE3 can be tuned between 20–35 pW/K at room temperature by choosing different anchor groups. Our calculations indicate that SMe is the better anchor to suppress thermal conductance for thermoelectricity, whereas pyridyl and carbodithioate are better choices for thermal management applications.
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Figure 1. Phonon transmission coefficient versus phonons with energy ħω for OPE3 with different anchor groups: (a) pyridyl PY, (b) thiol S, (c) methyl sulphide SMe and (d) carbodithioate CS. 
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Figure 2. Phonon thermal conductance versus temperature T for OPE3 with different anchor groups. 
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Figure 3. Tight binding (TB) model. (a) A simple ball and spring TB model with one degree of freedom per atom connected to two one dimensional leads through the weak coupling, (b) phonon transmission coefficient Tp for phonons with frequencies ω and (c) phonon thermal conductance versus temperature T for the simple TB model in (a). 
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Table 1. Room temperature thermal conductance due to electrons (κe) and phonons (κp) of single molecules between gold electrodes using DFT–NEGF calculations and single molecule measurements.
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Molecule

	
Calculated κ (pW/K)

	
Measured κ (pW/K)

	
Ref.




	
κp

	
κe at DFT Fermi Energy






	
Biphenyl–4,4′–dithiol (BDT)

	
19.6

	
2.3

	
-

	
[17]




	
2,2′–dinitro–BDT

	
11.7

	
<0.01

	
-

	
[17]




	
oligo(2–phenylene–4,4′–ethynylene)–dithiol (OPE2)

	
9.9

	
<0.01

	
-

	
[17]




	
2,2′–dinitro–OPE2

	
9.7

	
16.7

	
-

	
[17]




	
4,4′–bipyridyl (BP)

	
34.8

	
<0.01

	
-

	
[17]




	
3,3′,5,5′–tetrachloride–BP

	
14.8

	
<0.01

	
-

	
[17]




	
3,3′–dinitro–BP

	
23.6

	
<0.01

	
-

	
[17]




	
oligo(3–phenylene–4,4′–ethynylene)–dithiol (OPE3)

	
19

	
0.1

	
20 ± 6

	
[19]




	
Octane–dithiol

	
23

	
0.02

	
29 ± 8

	
[19]




	
Alkanes with dihydrobenzo[b]thiophene (BT) anchor

(N = number of C2H4)

	
N = 1

	
25.4

	
0.03

	
-

	
[24]




	
N = 2

	
33.4

	
<0.01

	
-

	
[24]




	
N = 4

	
30.3

	
<0.01

	
-

	
[24]




	
N = 8

	
5.6

	
<0.01

	
-

	
[24]




	
Alkanedithiol

(N = number of C2H4)

	
N = 1

	
17–22

	
5.7

	
14.6 ± 3

	
[20]




	
N = 2

	
18–27

	
1.1

	
13.4 ± 5

	
[20]




	
N = 3

	
17–29

	
<0.01

	
16.9 ± 3

	
[20]




	
N = 4

	
20–33

	
<0.01

	
26.3 ± 7

	
[20]




	
N = 5

	
17–33

	
<0.01

	
28 ± 8

	
[20]




	
Oligoyne with BT anchor

(N = number of C2H4)

	
N = 1

	
15.6

	
0.4

	
-

	
[24]




	
N = 2

	
9.2

	
0.5

	
-

	
[24]




	
N = 4

	
7.7

	
0.25

	
-

	
[24]




	
2,2′–bipyridine–BP

	
6

	
0.3

	
-

	
[18]




	
BP functionalized with tert–butyl nitroxide radical

	
2

	
1.45

	
-

	
[18]




	
C60 monomer

	
20–46.3

	
68–572

	
-

	
[23]




	
C60 dimer

	
7–7.3

	
0.1–1.8

	
-

	
[23]




	
Benzenedithiol

	
meta

	
7.5

	
-

	
-

	
[26]




	
para

	
22.5

	
-

	
-




	
Benzenediamine

	
meta

	
24.5

	
-

	
-

	
[25]




	
para

	
25.2

	
-

	
-




	
2–fluoro–1,4–diaminobenzene

	
24.4

	
2.62

	

	
[25]




	
2–chloro–1,4–diaminobenzene

	
22.2

	
2.7

	
-

	
[25]




	
2–bromo–1,4–-diaminobenzene

	
16.9

	
2.8

	
-

	
[25]




	
2,5–dibromo–1,4–diaminobenzene

	
17.9

	
2.9

	
-

	
[25]




	
2,6–dibromo–1,4–diaminobenzene

	
10.5

	
2.9

	
-

	
[25]




	
2,3–dibromo–1,4–diaminobenzene

	
18

	
3

	
-

	
[25]




	
OPE3–diamine

	
meta

	
13.8

	
0.11

	
-

	
[25]




	
para

	
24.5

	
<0.01

	
-

	
[25]
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